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Abstract 
 
The proper functioning of constructed wetlands (CWs) for water treatment relies on 
the interaction of three components, namely water quality, wetland design and the 
wetland plants. This project was a practical assessment of the relative merits of the 
giant reed, Arundo donax, in comparison with those of the common reed, Phragmites 
australis, in constructed wetlands designed to treat agro-industrial effluent with 
electrical conductivity (EC) above 2000 µS cm
-1
. The specific objectives of this 
study were: (i) to compare the survival, growth and biomass production of A. donax 
and P. australis in gravel substrate-based horizontal sub-surface flow CWs, and (ii) 
to compare the impact of salinity on treatment efficiency of planted and unplanted 
beds, when experimental CWs were challenged with a diverse range of effluent with 
electrical conductivity in the range 600 – 7000 µS cm-1. Specific effluents were (a) 
stormwater collected from the hard-pan of a dairy factory in south-west Victoria, (b) 
diluted and undiluted treated effluent from the dairy factory, (c) a recirculating 
aquaculture system (RAS) effluent, and (d) treated effluent from a municipal 
wastewater treatment plant (WWTP). A third aim of this study was to assess the 
applicability of CWs for remediation of wastewater from dairy factories, aquaculture 
systems, and WWTPs in rural south-west Victoria and Malaysia (where suitable data 
exists), and (iv) options for the sustainable reuse of the biomass produced by A. 
donax. 
 
2 
 
The first research chapter examines short-term exposure treatment efficiency and 
biomass production at low salinity (~600 µS cm
-1
) when the CWs were challenged 
with Warrnambool Cheese and Butter (WCB) factory stormwater. The hydraulic 
loading rate (HLR) was tested at two levels, sequentially,3.75 cm d
–1
 and 7.5cm d
–1
. 
Some of the monitored variables were removed more efficiently by the planted beds 
in comparison to unplanted CWs (BOD, TN,TP; p < 0.007). As expected, the A. 
donax CWs produced considerably more above ground biomass (10 ± 1.2 kg wet 
weight) than the P. australis CWs (2.7 ± 1.2 kg wet weight). This equates to  a 
standing crop of 107 and 36 tonne ha
-1
 yr
-1
 (dry weight) for A. donax and P. 
australis, respectively (assuming comparable growth across a 250 day growing 
season and single cut harvest).  
 
The second research chapter investigates the treatment efficiency and standing crop 
production upon short term (8 - 17 weeks) exposure to diluted and undiluted WCB 
wastewater, i.e. wastewater with a range of salinities (~2500, ~ 5000 and ~7000 µS 
cm
-1 
(or ¼, ½ and full strength effluent)), at an HLR of, 3.75cm d
–1
. In general the 
major water quality parameters monitored (BOD, SS, TP, TN) were improved after 
the effluent had passed through the CWs, and somewhat more efficiently by the 
planted beds than unplanted gravel beds. There were also significant differences in 
nutrient removal between the A. donax and P. australis beds in a few instances. At 
the lowest salinity, the CWs assessed in this study were capable of removing bacteria 
present in the inlet wastewater to levels that would allow reuse of the water for use 
on humanfood crops that will be cooked prior to consumption. At the highest 
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salinity, bacterial removal was observed but only to levels that would allow reuse of 
the effluent for use on non - food crops. This short term study suggested that both A. 
donax and P. australis were able to both survive and thrive in the salty WCB 
effluent. 
 
The third research chapter presents the results of a yearlong trial in which the CWs 
were challenged with undiluted dairy factory wastewater at a HLR of 3.75cm d
–1
. 
The major water quality parameters monitored (with the exception of TP) were 
generally improved (BOD, SS, TN, TAN, total plate count, total coliform and E. 
coli) after the effluent had passed through the CWs. However, there was no 
significance different in removal efficiencies between the planted beds and unplanted 
gravel beds (p>0.007), nor was there any significant differences in nutrient removal 
between the A. donax and P. australis beds for most parameters. From a 
microbiological perspective, although the study showed that a large proportion of the 
microbes were removed from the effluent after passing through the CWs, the CWs 
only converted the effluent into Class ‘D’ recycled water (suitable only for non-food 
crops, including used for growing instant turf, woodlots and flowers). This study 
suggested that A. donax plants exhibited excellent growth characteristics in response 
to the high P, N, TAN and salt effluent applied. Indeed, in this study, the A. donax 
beds produced considerably more biomass (37 ± 7.2 kg wet weight) than the P. 
australis beds (11 ± 1.4 kg wet weight). This standing crop equates to approximately 
179 and 68 tonne ha
-1
 yr
-1
 biomass (dry weight) for A. donax and P. australis, 
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respectively (assuming comparable growth across a 250 day growing season, and a 
single-cut harvest). 
 
The fourth research chapter presents the results of a short-term experiment (14 
weeks) in which a second set of CWs, also planted with A. donax and P. australis, 
was challenged with recirculating aquaculture system wastewater. Many of the 
monitored water quality parameters (BOD, SS, TP, TN, TAN, NO3, TPC, Total 
coliform, E-coli) were removed efficiently by the CWs, to the extent that the CW 
effluent was classifiable as Class ‘A’ recycled (suitable for use on human food crops 
for consumption raw) water under Victorian state regulations, and/or able to be 
reused within aquaculture systems. The A. donax planted beds produced considerably 
more above ground biomass (15 ± 3.4 kg wet weight) during the exposure period 
than the P. australis beds (7.4 ± 2.8 kg wet weight). The standing crop produced in 
this short (14 week) trial equates to an estimated 125 and 77 tonne ha
-1
yr
-1
(dry 
weight) biomass for A. donax and P. australis, respectively (assuming plant growth 
is similar across a 250 day (September – April) growing season, and a single-cut, 
annual harvest). 
 
The final research chapter evaluates the results of a short-term experiment (14 
weeks) in which CWs were challenged with treated municipal wastewater. In 
general, the planted CWs were marginally more effective at removing nutrients 
(BOD, SS, TP, TN, TAN, TPC, Total coliform and E.coli) in the A. donax and P. 
5 
 
australis beds than the unplanted control CWs. The major outcome of this trial is that 
the removal efficiency for E. coli was significantly different (p<0.007) between 
planted and unplanted control beds, with the planted CWs reducing E. coli to levels 
that would allow reuse of the CW effluent on crops grown for human consumption.  
The A. donax beds produced the equivalent of 60 tonnes per hectare above-ground 
biomass (dry weight) which is very low compared to the other trials in this study, but 
which may have been influenced by on-site climatic conditions and/or repeated 
clipping of the plants in the months prior to the experiment..  
 
This study demonstrated the ability of A. donax and P. australis planted CWs to 
remove nutrients from dairy factory effluent, aquaculture effluent and municipal 
wastewater. Generally, the planted CWs were more effective at removing nutrients 
than the unplanted control CWs; in addition there were also some significant 
differences in nutrient removal between the A. donax and P. australis planted CWs. 
The hypothesis that the A. donax planted CWs would produce larger amounts of 
(potentially usable) above ground biomass than the P. australis planted CWs was 
confirmed. However, several aspects relating to physiology of A. donax in CWs are 
still poorly understood, and consequently these facts need to be addressed before 
options for the energy production of the biomass produced by A. donax in CWs can 
be rigorously examined.  
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CHAPTER 1 
 
1. General Introduction 
 
Concerns over water quantity and quality have steadily increased across the 
Australia, primarily because of the growth in the nation’s population. Growing 
populations yield greater pressure on existing water supplies and often generate 
demand for development of additional water resources. In 2004-5, the Australian 
Water Commission reported that Australia used 18,767 GL of water, with 65% 
utilised by agriculture, 13% used for urban purposes, and 22% for industrial activity 
(Australian Water Resources, 2005). Since, existing water resources and water 
management strategies are under constant development one of the options is the 
reuse/recycling of water by industry. Conventional treatment systems can treat a 
wide range of pollutants in wastewater, but they are usually expensive and restricted 
for ex-situ only (Kadlec and Knight, 1996). Natural wetlands have historically been 
(and in some cases, still are being) used for wastewater treatment under controlled 
conditions (Kadlec and Tilton, 1979; Chan et al., 1982; Ewel et al., 1982; Olson, 
1993; Mander and Jensen, 2002; Vymazal and Kropfelova, 2008). However, using 
natural wetlands to treat pollutants might cause adverse impacts on natural 
ecosystems, such as contamination of groundwater or destruction of natural habitat.  
Consequently, constructed wetlands (CW) have been designed and built utilising 
many of the same microbial treatment processes as natural wetlands to treat many 
kinds of wastewaters without causing pollution to the natural environment, and such 
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systems become increasingly popular and effective since the 1980s (Reddy and 
Smith, 1987; Hammer, 1989a; Cooper and Findlater, 1990; Moshiri, 1993; Kadlec 
and Knight, 1996; Vymazal et al., 1998; Kadlec et al., 2000, Mander and Jensen, 
2003; Vymazal and Kropfelova, 2008).   
 
Constructed wetlands for treating wastewaters are relatively simple, cheap and 
effective, when compared with conventional treatment systems. Constructed 
wetlands are comprised of biotic (plants, animals and microorganisms) and abiotic 
(water, substrate and air) ecosystems (Kadlec and Knight, 1996), and can be used to 
polish pre-treated wastewater, especially from the agriculture, household and 
industry sectors to a quality that allows it to be used in irrigation, hydroponics and 
aquaponics systems. Constructed wetlands have been used to treat different types of 
wastewater due to their ability to improve water quality by physical, chemical and 
biological processes (Kadlec and Knight, 1996). The benefits derived from the biotic 
and abiotic ecosystem, combined with low operating cost and effective water 
reuse/recycling options, can make CWs for water treatment a very highly desirable 
option(Kadlec and Knight, 1996).   
 
Despite the many advantages and uses of constructed wetland treatment systems, 
they are unable to remove sodium originating from industrial processes, such as 
those in dairy processing factories, particularly cheese-making factories. 
Furthermore, the salt/sodium loads common in industrial effluent often have a 
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deleterious effect on constructed wetland plant species, thereby reducing their 
efficiency of operation and survival potential. Finding plants able to tolerate high salt 
loads could facilitate the use of constructed wetlands to ameliorate the organic and 
nutrient loads being discharged by factories. This in turn may provide a cheap, 
ecological alternative to treating saline effluents cf. membrane-based hard 
engineering options that could be incorporated into existing treatment wetlands as 
well as new wetlands.  
 
The giant reed, Arundo donax, has some characteristics that make it suitable for use 
in constructed wetlands for wastewater treatment. These include its fast growth rate, 
high water consumption, apparent salt tolerance, ease of propagation from rhizomes, 
limited number of pests, and the many potential uses for above ground biomass 
(Perdue, 1958). One of the most attractive reasons for using A. donax in Horizontal 
Sub-Surface Flow Constructed Wetlands (HSSF CWs) may be the opportunities for 
co-product uses of its biomass. For instance, Lewis and Jackson (2002) suggest that 
A. donax is suitable for direct substitution for hardwoods in existing kraft pulp mills 
without major equipment changes. Williams et al. (2006) reported that following 
clear-felling to 10 cm, when irrigated with wastewater a mature stand of A. donax 
within the first year produced up to five times the biomass of Eucalyptus hardwoods 
in southern Australia. Cosentino et al. (2006) and Ververis (2004) suggested A. 
donax as one of the most promising for energy production for the southern areas of 
Europe (and, consequently, by analogy for southern Australia). For instance, 
Angelini et al., (2009) found that land cultivated with A. donax produced net energy 
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of about 637 Gj ha
-1
, which could substitute 14 ton ha
-1
 and 20 ton ha
-1 
petroleum and 
coal equivalents, respectively, for each year of cultivation. 
 
Arundo donax is not listed as a noxious or invasive weed in Victoria, and there thus 
are no restrictions on its use. There are, however, some legitimate concerns that 
widespread use of this plant in CWs for pollution control, or other purposes, could 
result in the giant reed becoming another weed in southern Australia. There are, also 
however, good reasons why this is not likely to be the case; including the fact that A. 
donax has been resident in the southern states of Australia, including Victoria, for 
probably at least 150 years without becoming a rampant weed. Moreover, the plant’s 
reproductive habits, most notably that it does not appear to produce viable seed 
outside south Asia, restricts its ability to spread.  
 
This project has its origin in the Department of Primary Industries (Victoria) project 
‘Closing the Loop’ which investigated options for closing the material loop of 
industrial systems and minimising waste in the Victorian dairy processing industry 
(Allinson and Dyer, 2007). Factory specific information came from a survey of water 
and wastewater usage and management practices in the Victorian dairy processing 
industry (Dyer and Allinson, 2007). Subsequently, CWs were identified as a viable 
option for treating dairy factory wastewater (at least, ‘in principle’) in a desk-top 
project undertaken by DPI for CRC CARE (Allinson, 2007), which reviewed options 
to “find ecologically sustainable, ‘soft engineering’ solutions to treat dairy factory 
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effluent based on natural processes and ecosystem linkages in context of multiple 
water reuse strategies and ‘industrial ecology’ whereby (liquid aqueous) wastes or 
by-products of one industry (industrial activity) are used as inputs in another industry 
(productive activity).” Thereafter, the Victorian Government Sustainability Fund 
through Sustainability Victoria (SV) contracted DPI to undertake a project, 
“Recycling and re-use of waste streams in the dairy processing industry,” designed to 
facilitate trade waste reduction, reduced fresh-water use, and improved disposal of 
liquid waste in the dairy processing industry. This PhD project forms a component of 
that SV-funded project, and was directed towards a practical assessment of the 
relative merits of the giant reed (A. donax) and common reed (P. australis) in 
constructed wetlands designed for rural domestic and industrial water quality 
improvement. Specifically the objectives of this study were to:  
1) Examine the effectiveness of CWs planted with the giant reed (Arundo 
donax) in stripping nutrients and organic material from dairy processing 
factory effluent by evaluating chemical transport in pilot-scale constructed 
wetlands, and in comparison with the common reed, Phragmites australis, 
and unplanted CWs.  
2) Assess the salt tolerance of A. donax (by exploring the survival of A. donax in 
CWs challenged with different types of wastewater with different salinity 
profiles). 
3) Assess the cross-industry utility of CWs for treating salty wastewater in rural 
south-west Victoria by evaluating chemical transport in pilot-scale 
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constructed wetlands challenged with three types of wastewater, and in 
comparison with the common reed and unplanted CWs). 
4) Examine options for the sustainable reuse of the biomass produced by A. 
donax (by reviewing the literature)  
 
1.1. Thesis outline 
The scope of the project was limited to desk-top review of the literature available on 
constructed wetlands (with special emphasis on horizontal sub-surface flow CWs), 
followed by mesocosm-based experiments assessing the treatment performance of 
small-scale constructed wetlands in an industrial setting. The spatial scope of this 
project is primarily south-west Victoria.  
 
The project was designed to provide ‘proof-of-concept’ for the use of constructed 
wetlands to treat dairy factory effluents, aquaculture effluent and municipal 
wastewater, and of the use of an alternate plant (namely the giant reed, Arundo 
donax) therein. In this context, the project broadly followed the conceptual 
framework presented in Figure 1.1. The Thesis broadly follows the same structure, 
with each component described in stand-alone Chapters, some of which are 
presented substantively as the peer-reviewed articles published/accepted by journals 
upon which they are based. This process inevitably leads to some repetition within 
the text. 
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Chapter Two establishes the context of the research project through a review of 
literature related to the forms of waste management under evaluation. These latter 
include an overview of the generation, characteristics and management of the 
wastewaters (dairy, aquaculture and municipal) subsequently investigated in the 
experimental program, followed by discussion of performance and impacts of the 
three form of waste management under examination. Chapter Three describes 
construction of the wetland beds, and presents the methodology for the 
measurements of the chemical and biological parameters undertaken in the 
experimental program. The research work undertaken is then presented in the next 
five chapters, each of which contains a succinct description of the issue being 
examined, the wastewater, an outline of the methodology, and a section presenting 
the results and discussion of the findings. Chapter Four presents the study correlating 
short-term exposure with treatment efficiency and biomass production at low salinity 
when the CWs were challenged with collected dairy factory stormwaters. Chapter 
Five correlates short term exposure to diluted and undiluted dairy factory 
wastewater, i.e. to wastewater of a range of salinities, with treatment efficiency and 
biomass production. Chapter Six presents the results of a longer term trial in which 
the CWs were challenged with dairy factory wastewater for almost one year, and 
Chapter Seven presents the results of a short-term experiment in which CWs were 
challenged with recirculating aquaculture wastewater. Chapter Eight presents the 
results of a short-term experiment in which CWs were challenged with treated 
municipal wastewater. Chapter Nine summarises the principal findings of the project 
and how they relate to their application in a commercial setting. Finally, the 
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conclusion and recommendations of the study are presented, including options for 
further research. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Conceptual framework of present research 
Constructed Wetland for treating aquaculture and 
Industrial effluents  (Chapter 1 and 2) 
Experimentation 
Selection of methodologies; establishment of wetlands  (Chapter 3)  
WC&B dairy wastewater 
Stormwater  
Correlating short-term exposure with 
treatment efficiency and biomass 
production at low salinity 
(Chapter 4) 
Plant Effluent 
Correlating short term exposure with 
treatment efficiency and biomass 
production at a range of salinities 
 ¼ strength  
 ½ strength 
 Plant effluent 
 
(Chapter 5) 
 
Plant Effluent 
Correlating long term exposure with 
treatment efficiency and biomass 
production at a single (plant effluent) 
salinity. (Chapter 6)  
 (Chapter 6) 
 
DAC 
Correlating short-term 
exposure with treatment 
efficiency and biomass 
production at a single salinity 
(Chapter 7) 
HWRP 
Correlating short-term 
exposure with treatment 
efficiency and biomass 
production at a single salinity 
(Chapter 8) 
Summary 
Summary response to field and laboratory observations, and 
recommendations for future research  (Chapter 9) 
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CHAPTER 2 
 
2. Literature Review 
 
2.1. Introduction 
In all parts of the food industry concerns are voiced about the difficulties in dealing 
with high organic wastes in their wastewater, and the pressures to reduce discharges 
to streams, waterways and the environment. The agriculture industries are no 
exception. Pressure to reduce discharges to meet regulatory requirements is driving 
the search by industry for newer, better and more cost-effective ways to treat the 
wastewater.  Equally important is the need to increase recycling and reuse of water 
primarily to reduce costs associated with buying treated water, and higher level goals 
of securing water resources into the future. 
 
Constructed wetlands (CWs) offer effective, reliable treatment of wastewater in a 
simple and inexpensive manner (Johnston, 1991; Kadlec, 1995; Kadlec and Knight, 
1996; Mitsch and Gosselink 2000). The use of CWs to treat wastewater from 
agricultural, mining, municipal and industrial sources has received increasing 
attention in recent years. Although CWs are being developed in many parts of the 
world for various functions, this wastewater treatment technology has not been 
widely adopted in Australia. This may be due to relatively poor nutrient removal 
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efficiency and government pressure to upgrade and augment sewage treatment plants 
to produce high quality tertiary effluent (Greenway, 2005). 
 
2.2. Constructed wetlands 
Constructed wetlands are artificial wetlands developed in areas where they do not 
occur naturally. There are several definitions of CWs but Brix (1994b) defined them 
as systems that may act as efficient water purification systems and nutrient sinks with 
long retention times, with an extensive amount of sediment surface area in contact 
with the flowing water to provide for effective removal of particulate matter. 
Similarly, Kadlec and Knight (1996) defined CWs as engineered systems that are 
built for four principal reasons based on specific functions: 
1. To compensate and help offset the rate of destruction of natural wetlands 
resulting from agriculture and urban development (constructed habitat 
wetlands) 
2. To improve water quality (constructed treatment wetlands) 
3. To provide flood control (constructed flood control wetlands) 
4. To be used for production of food and fibre (constructed aquaculture 
wetlands) 
 
Constructed wetlands can be built with a significant degree of control, thus allowing 
the establishment of experimental treatment facilities with a well-defined 
composition of substrate, type of vegetation and flow pattern.  In addition, CWs offer 
several additional advantages compared to natural wetlands, including site selection, 
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flexibility in sizing, control over the hydraulic pathways and retention time. The 
pollutants in such systems are removed through a combination of physical, chemical 
and biological processes including sedimentation, precipitation, adsorption to soil 
particles, assimilation by the plant tissue and microbial transformations.  
 
For the past two decades, CWs have been among the most rapidly expanding 
wastewater treatment systems (Kadlec and Knight, 1996). Worldwide, many studies 
have been conducted into nutrient and contaminant removal mechanisms and 
processes in CWs, for better understanding and improvement of performance, 
including reports of specific interest to this study involving the food processing 
industry, aquaculture and municipal wastewater treatment plant effluent (Table 2.1). 
 
The advantages and limitations of CWs have been summarized by (Kadlec and 
Knight, 1996; Haberl, 1999; Sundaravadivel and Vigneswaran, 2001; O’Brien et al., 
2005).  Major advantages of constructed wetlands over traditional treatment plants 
include: 
1. They operate on ambient solar energy and require low external energy input. 
2. They achieve high levels of treatment with little or no maintenance, making 
them especially appropriate in locations where no infrastructure support 
exists. 
3. They are relatively tolerant to shock hydraulic and pollutant loads, thus 
ensuring the reliability of treated wastewater quality. 
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4. A specific design life period is generally prescribed for CWs and as such they 
tend to have increased treatment capacity over time due to feedback loops 
that result in self-repairing systems. 
5. They generate oxygen and consume carbon dioxide, thereby helping improve 
air quality and fight global warming. 
6. Harvested aquatic plants can be used for a variety of purposes (biomass, 
biogas, animal feed, fertilizer, etc). 
7. They can provide indirect benefits, such as green space, wildlife habitats and 
recreational and educational areas. 
 
2.3. Constructed Treatment Wetlands 
 All constructed wetlands specifically engineered with water quality improvement as 
a primary purpose are called constructed treatment wetlands. Constructed treatment 
wetlands (or hereafter, CWs) are able to treat the organic loading and nutrient 
content of wastewaters to levels appropriate for land applications. However, the 
proper functioning of a constructed wetland for water treatment relies on the 
interaction of three design components, namely water quality, wetland design and the 
wetland plants (Allinson et al., 2005) and thereafter its proper management and 
operation by the responsible organisation. Although CWs must be individually 
designed for particular performance objectives and site constraints, designing 
constructed wetlands for the treatment of pollutants entails:  
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Table 2.1: studies of constructed wetlands in various industries and locations 
Industry Location Reference 
Domestic / municipal sewage United Kingdom 
Greece 
Greece 
Germany 
Germany 
Tunisia 
Spain 
China 
France 
Morocco 
Spain 
Cameroon 
Spain 
Greece 
CzechRepublic 
Ireland 
Decamp and Warren (2000) 
Manios et al. (2002a) 
Manios et al. (2002b) 
Wiessner et al. (2005) 
Vacca  et al. (2005) 
Keffala and Ghrabi (2005)  
Garcia et al. (2005)  
Song et al. (2006) 
Molle et al. (2006) 
El Hamouri et al. (2007) 
Garcia et al. (2007) 
Kengne et al. (2008) 
Alvarez etal., (2008) 
Fountoulakis et al. (2009) 
Vymazal et al. (2009) 
Dzakpasu  et al. (2011) 
 
Saline  Thailand Klomjek and Nitisoravut, 
(2005) 
Aquaculture Taiwan 
Taiwan 
Germany 
Malaysia 
Taiwan 
Australia 
Germany 
Germany 
China 
China 
 
Lin et al. (2002) 
Lin et al. (2003) 
Schulz et al. (2003) 
Rafiee and Saad (2005) 
Lin et al. (2005) 
Lymbery et a. (2006) 
Sindilariu et al. (2007) 
Sindilariu et al. (2008) 
Zhang et al. (2010) 
Zhong et al. (2011) 
Ground water pollutants Taiwan 
Sri Lanka 
 
Lin et al. (2002) 
Jayaweera et al. (2008) 
 
Heavy metals  Australia 
Sweden 
U.S.A 
Scotland 
U.S.A 
Greece 
Argentina 
Dunbabin and Bowmer (1992) 
Stoltz and Greger (2002) 
King et al. (2002) 
Scholz (2004) 
Xu and Jaffe (2006) 
Papazoglou et al. (2007) 
Maine et al. (2009) 
Stormwater /Agriculture runoff Germany 
Australia 
U.K 
China 
Australia 
Hong Kong 
 
Wild et al. (2001) 
Rosenkrantz et al. (2008) 
Lee and Scholz (2007) 
Yang et al. (2008) 
Hatt et al. (2009) 
Lai and Lam (2009) 
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Table 2.1: Continued 
Industry Location Reference 
Food industry New Zealand 
New Zealand 
New Zealand 
U.S.A 
U.S.A 
Ireland 
France 
France 
Tanner et al. (1996) 
Tanner et al. (1994) 
Nguyen (2000) 
Schaafsma et al. (2000) 
Munoz et al. (2006) 
Healy et al. (2007) 
Wang et al. (2009) 
Merlin and Gaillot (2010) 
 
 
Constructed treatment wetlands (continued) 
 Sizing the wetland for a given flow rate, mass loading and pollutant removal 
efficiencies. 
 Inlet and outlet structures for water level control, recycling, flow splitting and 
distribution. 
 Flow path configuration. 
 Depth variation within and between cells for better pollutant removal, flow 
distribution, microphyte health and habitat diversity (if required). 
 Planting details (i.e. species, planting density). 
 An operation and maintenance plan. 
 
2.4. Types of constructed wetland 
Constructed wetlands for wastewater treatment can be categorised as free water 
surface (FWS) and subsurface flow systems (SSF). Both FWS and SSF systems can 
be combined in series or in parallel to achieve performance objectives. The 
advantages and disadvantages of both systems are presented in Table 2.2.       
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Free water surface wetland (FWS) 
Free water surface (FWS) wetland are land intensive, biological treatment systems 
and are more appropriate for polishing secondary and tertiary effluent (Kadlec and 
Knight, 1996). These systems are capable of removing organic material, suspended 
solids, phosphorus, heavy metals and pathogens. The environment within a FWS 
wetland will generally be aerobic at or near the surface, becoming anoxic near 
bottom sediments. Essentially, FWS wetland consists of: 
1. Basins or channel with sub surface barrier to prevent seepage (e.g. synthetic 
or clay liners). 
2. Soil or other suitable medium to support the growth of emergent vegetation. 
3. Wastewater that flows freely across the surface bed. 
4. Management of water flow to ensure water kept at relatively shallow depth 
through unit. 
 
In FWS systems (Figure 2.1), the water column (inflow water) containing particulate 
material and dissolved pollutants slows and is spread through a large area of shallow 
water and emergent vegetation (Kadlec and Knight, 1996). Essentially, the water 
column is in contact with plant surfaces, upon which microbiological films grow. 
Direct uptake of nutrients, ions and contaminants by plant roots is only really 
possible for floating or submerged species. Uptake by emergent species will occur, 
but mineralisation of nutrient and other materials is necessary first, since they must 
move through the soil/sediment to reach the plant roots. The time required for this 
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process is usually far greater than residence time of wastewater in the wetland and so 
pollutant removal by direct uptake by macrophytes is not significant in FWS system. 
 Shallow water depth, low flow velocity, presence of plant stalks and litter 
regulate water flow – in long, narrow channels which ensures plug-flow 
conditions. 
 Particulates (total suspended solids) tend to settle in the quiescent conditions. 
 
 
Figure 2.1 Generic design of system with free water surface flow (FWS). 
 
Subsurface-flow wetlands (Figure 2.2) move effluent through gravel or sand medium 
in which plants are rooted. Horizontal subsurface-flow (HSSF) wetlands are less 
hospitable to mosquitoes, whose population can be a problem in FWS CWs. 
Subsurface-flow systems have the advantage of requiring less land area for water 
treatment but they are not generally as suitable for wildlife habitats as are FWS CWs 
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(Kadlec and Knight, 1996). The general concepts for SSF wetlands are not much 
different to those of FWS wetlands:  
1. Basins or channel lined with non – porous barriers to prevent seepage. 
2. Soil or other suitable medium to support the rooted vegetation. 
3. Pre-treated wastewater fed in at one side of the system and flow through a 
porous medium under the surface of the bed in a more or less horizontal path 
until it reaches the outlet. During this subsurface flow, the wastewater 
interacts with the mixture of facultative microbes living in association with 
the substrate and the plants roots. Settleable and suspended solids not 
removed in the pre-treatment system are effectively removed by filtration. 
 
 
Figure 2.2 Generic design of system with horizontal sub-surface flow (SSF or 
HSSF). 
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Table 2.2: The advantages and disadvantages of FWS and SSF CWs. 
System Advantages Disadvantages 
FWS Inexpensive to construct and maintain 
(Pries, 1994) 
 
Land intensive (Pries, 1994) 
SSF Ability to treat high concentrations of 
organic materials, suspended solids, nitrate, 
pathogens and other pollutant (Queensland 
Department of Natural Resources, 2000) 
 
Longer retention times and  surface area 
that increases wastewater contact times for 
biogeochemical processes  to occur  
(Wood, 1995) 
 
Greater treatment per unit area of land  
(Queensland Department of Natural 
Resources, 2000) 
 
 
Less risks of mosquitoes or odour (Crites 
and Tchobanoglous, 1998; Reed and 
Brown, 1992) 
 
 
Higher tolerance to colder weather due to 
the insulation ability of the media 
(Queensland Department of Natural 
Resources, 2000) 
 
Expensive to construct and 
maintain (Queensland 
Department of Natural 
Resources, 2000) 
 
Clogging of pore spaces with 
suspended material (Crites, 
1992; Knowles et al., 2011). 
 
Vertical subsurface flow (VSF) wetlands are identical to HSSF, with the major 
difference being the direction of water flow. 
1. Basins or channels lined with non-porous barriers to prevent seepage. 
2. Soil or other suitable medium to support the emergent, rooted vegetation. 
3. Water distribution systems covers whole surface area of a sectioned bed 
(infiltration compartment). 
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4. Wastewater fed intermittently (in rotation) to each infiltration compartment 
and water flow slowly down through a porous medium under the surface of 
the bed in a more or less vertical path until it reaches the outlet. 
 
2.5. Components of constructed treatment wetlands 
The three major system components of a constructed wetland are media, plants and 
micro-organisms. 
 
Media 
The substrates in wetlands play a significant role in providing physical support for 
plants, attachment sites for microbial populations as well as removal of waste 
constituents such as a reactive surface for complexing anions, ions and various 
compounds (US EPA, 2000). Both the physical and chemical attributes of the media 
can vary widely and are important to consider in the construction and operation of 
CWs (particularly because the saturated conditions of the wetland substrate, often 
result in anaerobic conditions; Faulkner and Richardson, 1990).  In SSF designs, it is 
known that substrate has an influence on retention time (which is dictated by the 
hydraulic conductivity of the substrate). The hydraulic conductivity of the clean 
substrate can be reduced over time due to blockage of pore spaces through the 
accumulation of organic materials, such as plant roots. In FWS wetlands, the 
influence of the soil substrate is generally considered indirect as it affects the 
vegetation and microbial growth, which in turn influence the hydraulic retention time 
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(Kadlec and Knight, 1996). The use of soil (Talbot et al., 1996, Pant et al., 2001; 
Arias et al., 2001; Farahbakhshazad and Morrison, 2003; Vohla et al., 2007;Koiv et 
al 2009 a,b; Vohla et al., 2011) and gravel (Mann and Bavor, 1993; Tanner et al., 
1999; Korkusuz et al., 2005, Akratos and Tsihrintzis, 2007, Vohla et al., 2011) 
materials as substrates in constructed wetland  systems have been shown to 
effectively remove P.  
 
The major criterion for selecting the substrate material is that it should be sufficiently 
permeable to prevent surface channelling of the CWs (Kadlec and Knight, 1996), 
although substrates are often selected based on costs and local availability in order to 
reduce the constructing cost (Drizo et al., 1999), without consideration for their 
capacity of nutrient removal (Watson et al., 1989; Mann, 1990). Research into 
different substrates has become increasingly mature since the last turn of the century 
and a lot of attention has been focused on the utilization of various industrial by-
products such as ore, calcium silicate hydrate (CSH), vermiculite, and ceramsite 
(Moriyama et al., 2001; Prochaska and Zouboulis 2006; Babatunde et al., 2010;Li et 
al., 2011; Vohla et al., 2011; Wu et al., 2011). The use of construction solid waste 
(CSW), a by-product of the construction and demolition process, has also been 
trialled as the main substrate in laboratory scale multi-stage CWs to improve P 
removal from secondary sewage effluent (Yang et al., 2011). The authors concluded 
that CSW-based CWs can be used as non-potable water source in landscape 
irrigation, agriculture and industrial process.   
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Plants 
Plants in wetlands provide many benefits to the treatment processes in the 
constructed wetlands (Table 2.3). Obligate wetland plants are those species found 
exclusively in wetlands, while facultative species are those that can inhabit, and are 
found in, drier land conditions (Kadlec and Knight, 1996). In this chapter (and in this 
Thesis as a whole) two terms will be used almost interchangeably to describe the 
vascular plants deliberately placed into a CW: plants and macrophytes. Plants in 
CWs are an essential component of the design, but there is still no unanimous 
agreement on their overall treatment function and performance benefits (Vymazal 
and Kropfelova, 2008). While plants play a key role in nutrient cycling in 
wetlands,mainly via uptake by growth, temporary storage, then release after death 
and decomposition, they do not offer a significant nutrient removal pathway. What 
nutrient removal is achieved is via direct uptake and subsequent plant harvesting 
(Hammer, 1994; Kadlec, 1995; Kadlec and Knight, 1996). A large number of plants 
have been used in CWs for pollution control. In SSF CWs, at least 48 macrophytes 
have been trialled (Brisson and Chazarenc, 2009), with the most common species 
utilised being Phragmites australis (Kadlec and Knight, 1996), followed by Typha 
spp. (e.g. Typha latifolia, Typha angustifolia) and Schoenoplectus validus (syn. 
Scirpus validus). One of the most promising alternative plants that currently under 
study is the giant reed, Arundo donax (A. donax) and is the principle focus of this 
Thesis.   
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Table 2.3:  Summary of wetland type and vegetation types with a role in treatment 
processs 
Wetland Type 
Vegetation Type Section in contact 
with water 
column 
Role in treatment process 
Free water surface Emergent  
 
 
 
 
 
 
Floating  
 
 
 
 
 
Submerged 
 
Stems, limited leaf 
contact 
 
 
 
 
 
Root zone. Some 
stems/tubers 
 
 
 
 
Photosynthetic parts, 
possibly root zone 
Stabilising the sediment – less 
erosion, release of oxygen 
increase degradation 
(nitrification), uptake of 
nutrients and release of 
antibioitics (Brix, 1996) 
 
Reduced growth of 
phytoplankton, insulation 
during winter, reduced risk of 
suspension and storage of 
nutrients (Brix, 1996) 
 
Filtering effect, increased rate 
of sedimentation, reduced risk 
of suspension, provides 
surface area for attached 
biofilms, increase aerobic 
degradation and uptake of 
nutrients (Brix, 1996) 
 
Subsurface flow Emergent Rhizome and root 
zone 
Stabilising the sediment – less 
erosion, release of oxygen 
increase degradation 
(nitrification), uptake of 
nutrients and release of 
antibioitics (Brix, 1996) 
 
Modified from Brix (1996). 
 
Arundo donax is a perennial, herbaceous plant found in grassland and wetlands over 
a wide range of climatic and habitat conditions. This species has an extremely fast 
growth rate under optimal conditions, with growth rates of up to 5 cm per day, and 
70 cm per week under favourable conditions (Perdue, 1958). The giant reed can 
produce more than 20 tonnes per hectare above-ground dry mass or 8.3 tonnes of 
oven dry cane per acre (Perdue, 1958; Hoshovsky, 2003). Concomitant with such fast 
growth rates is a high water demand, and A. donax can use as much as 2000 L of 
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water per meter of plant stem (Perdue, 1958). This is three times as much water as 
US native plants, and similar to the water use of rice crops. The high water use may 
make this species suitable for water treatment applications. High water use may also 
make A. donax a good species for rapid rotation with agricultural crops in areas with 
elevated water tables, provided its roots penetrate deeply enough to dry out the 
vadose zone to significant depths, and a market can be developed for the biomass 
produced (Allinson, 2007). 
 
Arundo donax species has been suggested as one of the most promising for energy 
and cellulose pasta production for the southern areas of Europe (Szabo et al., 
1996;Ververis, 2004; Cosentino et al., 2006; Angelini et al., 2009; Mantineo et al., 
2009; Jeguirim and Trouvé, 2009; Smith and Slater, 2010; Jeguirim et al., 2010; 
Scordia et al., 2011). Traits that confer such usage include its perennial nature, easy 
adaptation to different environmental conditions, high production of biomass and low 
input requirements (Cosentino et al., 2006). One of the goals of the bioethanol 
industry is to be able to produce ethanol economically from ligno-cellulose, and this 
requires knowledge of the ligno-cellulose composition of feedstocks. Ververis et al. 
(2004) report that A. donax has satisfactory levels of α-cellulose (~31-38%, 
depending on position in stem, and if node or internode) and Klason lignin content 
(up to 20%) compared to those derived from softwoods and hardwoods.  
 
There is limited information available relating to the use of A. donax in CWs. This is 
perhaps surprising, since A. donax has a number of characteristics that appear to 
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make it suitable for CWs. For instance, the plant is easily propagated from rhizomes 
and plantings. The species is reported to tolerate high salinity levels (Perdue, 1958). 
Pest and disease are not known to affect the species and the only risk after the first 
year of growth is frosts early in the growing season which can burn the new season’s 
growth (Perdue, 1958).  
 
Karpischak et al., (1996) reported the successful incorporation of A. donax into 
multi-species FWS wetlands in Arizona. However, while the authors reported good 
removal of many of the water quality parameters investigated, they did not mention 
whether there was any change in species distribution within the raceways. Abissy 
and Mandi (1999) also explored the use of A. donax to treat municipal wastewater in 
Morocco in what was effectively a dry land planting of this reed, although the 
authors describe vertical flow through their beds. The two beds planted with A. 
donax were compared with two unplanted controls. After batch feeding raw effluent 
into beds for two years and monitoring inflow and outflow for organic loads, 
phosphorus and nitrogen over time, the authors report no reduction in removal 
efficiencies of TSS or COD. This latter is not surprising since vertical flow removes 
compounds in the effluent via the primary site of biological remediation, namely the 
biofilms that form around the macrophyte roots and stems, and thus COD and TSS 
removal were primarily due to physical processes. The planted bed did, however, 
facilitate infiltration throughout the experiment whilst in winter the unplanted control 
bed become clogged, with the former benefit perhaps a result of the greater porosity 
imparted by the plant roots. Nutrient and pathogen removal in the planted beds was 
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acceptable, but conductivity, sodium and chloride concentration increased through 
the planted beds, perhaps a result of the giant reed’s high water use concentrating 
these materials in the vadose zone.  
 
The construction and operation of another FWS wetland incorporating A. donax was 
reported by Manios et al., (2002). This wetland, built on the island of Crete to service 
a local village, used A. donax and Typa domingesis (cattail) for pragmatic reasons 
since they were the most common emergent macrophytes found in local lagoons and 
rivers. The A. donax was the dominant species covering more than 95% of the 
wetlands surface, and Manios et al., (2002) reported that the dense matrix created by 
the A. donax stems (70-90 m
-2
) and leaves produced an excellent physical barrier for 
deposition for suspended solids.  
 
El Hamouri et al., (2007) investigated the performance and behaviour of a HSSF CW 
for sewage post-treatment behind an upflow anaerobic reactor under Moroccan 
climate conditions with P. australis and A. donax as macrophytes. The authors 
concluded that the drawbacks of this experiment were the water loss by 
evapotranspiration which was very high, reaching 11 and 17% for A. donax and P. 
australis, respectively, and very limited effects on phosphorus and on nitrogen 
removal because of low oxygen availability for nitrogen oxidation in this system. 
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Microbial organisms in constructed treatment wetlands 
Microorganisms are the primary agent for removal of organic matter from 
wastewaters in CWs. The configuration and operation of these systems provide 
specific environments that can support microbe-mediated decomposition reactions. 
The mechanisms of pollutant removal in subsurface flow constructed wetlands 
include both aerobic and anaerobic microbiological remediation, sorption, 
sedimentation, volatilization, and chemical transformation (White, 1995), and SSF 
CWs display more than satisfactory results for the elimination of organic and 
inorganic compounds (Kadlec and Knight, 1996; Demin et al., 2002; Jenssen et al., 
2005). 
 
The processes of elimination of microorganisms in SSF CWs can be divided into two 
main steps: i) the microbes are removed from wastewater by immobilization in the 
porous media of the vegetated beds, and ii) the microbes are eliminated in the beds. 
Several factors are thought to contribute to the elimination of pathogens in these 
systems, e.g. abiotic factors like temperature, pH, moisture content, composition of 
the filter media and its organic content (Reddy et al., 1981; Kristiansen, 1981), and 
biotic factors such as the survival capacity of each species (Karapinar and Gönul, 
1991; Terzieva and McFeters, 1991; Stenström and Carlander, 2001), antagonistic 
relationships (Rudolfs et al., 1950; Thompson et al., 1990), and predation (Acea et 
al., 1988; Decamp et al., 1999; Borno et al., 2004; Stevik et al, 2004). However, 
there is little information on the contribution of each of these factors to the overall 
reduction of bacteria in constructed wetland systems. 
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Calheiros et al (2010) examined the diversity of bacterial communities from two 
series of HSSF CWs polishing high salinity tannery wastewater planted with A. 
donax and Sarcocornia sp. in a substrate composed of clay and sand. The authors 
found that COD was removed efficiently, at 58% in A. donax and 67% in 
Sarcocornia sp planted CWs, while BOD removal was 60% and 70%, respectively. 
Calheiros et al (2010) concluded that the high salt content in the wastewater (EC 
~16.8 mS cm
-1
) did not have an effect on the removal efficiency of organic matter, 
but that the type of plants seemed to have a major effect on the established bacterial 
communities. 
 
2.6. Nutrient removal mechanism in constructed wetlands 
Essentially, plants take up dissolved nutrients and pollutant from the water and use 
them to produce additional biomass (Table 2.4). The nutrients are stored in 
underground storage organs when the plants senesce and deposited in the sediments 
through litter and peat accretion when plants dies. There are six major biological 
processes of interest in the performance of CWs, namely: 
a) Photosynthesis: an activity performed by both wetland plants (macrophytes) 
and algae that adds carbon and oxygen to the wetland. Both carbon and 
oxygen drive the nitrification process. Plants also transfer oxygen to their 
roots, where it may diffuse into the area immediately adjacent the roots. 
b) Respiration: an activity performed by all living organisms that converts 
(oxidises) complex organic carbon to simpler molecules, and ultimately 
carbon dioxide and water. 
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c) Fermentation: the decomposition of organic carbon in the absence of oxygen 
to produce energy-rich molecules, such as methane, ethanol and volatile fatty 
acids. Usually undertaken by microbes. 
d) Nitrification/denitrification: a process mediated by microorganisms that 
aids in nitrogen removal from the wetlands, often through volatilisation of 
inorganic nitrogen gas. 
e) Phosphorus removal in biofilms and adsorption onto sediments. 
 
Chemical and biological processes in CWs occur at rates that are dependent upon a 
number of environmental factors, including temperature, oxygen presence and pH. 
a) Metabolic activity is reduced at low temperatures, reducing the effectiveness 
of uptake processes that rely on biological activity. 
b) Low oxygen concentrations limit processes involving aerobic respiration and 
may enhance anaerobic processes. 
c) Many metabolic and chemical reactions are pH dependent and are less 
effective if the pH is above or below optimum range. 
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Table 2.4:  Overview of pollutant removal mechanisms in constructed wetlands. 
Pollutant 
Removal Process Contributors/Interference 
Organic material  
(measured as BOD) 
Biological degradation, 
sedimentation, microbial 
uptake 
Excessive algal growth and 
die-off, decomposition of 
refractory organic 
compounds. 
Suspended solids Sedimentation, Filtration Resuspension, 
precipitation, algal growth. 
Nitrogen Sedimentation, 
nitrification/denitrification, 
microbial, algal 
assimilation, plant uptake, 
volatilisation 
Resuspension, algal 
growth, ammonification of 
suspended and deposited 
organic nitrogen, 
nitrification, release from 
accumulated media. 
Phosphorus Sedimentation, filtration, 
adsoption, plant and 
microbial uptake 
Resuspension, algal 
growth, mineralisation of 
suspended and deposited 
organic P, microbial 
release, desorption, 
changing redox conditions 
or pH. 
Pathogens Natural die-off, 
sedimentation, filtration, 
predation, UV degradation, 
adsorption 
 
 
 
2.7. Treating wastewater using wetlands 
The use of CWs to enhance pollutant reductions has become increasingly popular, 
resulting in numerous research developments and adaptations. Recently, Vymazal 
and Kröpfelováa (2009) summarised the results from more than 400 HF CWs from 
36 countries around the world. Their survey revealed that the highest removal 
efficiencies for BOD and COD were achieved in systems treating municipal 
wastewater. The survey also revealed that HSSF CWs are successfully used for both 
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secondary and tertiary treatment as long as influent BOD and COD is not too high, 
e.g. good treatment was observed for industrial wastewaters with the highest average 
inflow concentrations of 652 mg L
−1
 BOD and 1865 mg L
−1
 COD, or wastewaters 
from agriculture with BOD of 464 mg L
−1
. Vymazal and Kröpfelováa (2009) point 
out that the removal efficiencies of pollutants in constructed wetland vary between 
sites, climate conditions, substrates and types of flow and plant species used. In 
addition, the hydraulic rate and retention time also affect the removal efficiency 
(Solano et al., 2004). Although considerable progress has been made in our 
understanding of the physical, chemical and biological processes that facilitate 
wastewater treatment using constructed wetlands, inconsistent results suggest that 
further research is needed to optimise system operation (Karathanasis et al., 2003). 
When using constructed wetland to treat wastewater, the substrate always acts as the 
main sink in the long term (Sakadevan and Bavor, 1998). However, the maximum 
absorption of different pollutants to various substrates remains unknown in most 
cases.  
 
Overall, the benefits of using CWs for wastewater treatment include; their relatively 
low cost, and small space requirements and the only input requirement being energy 
from sunlight (Kadlec and Knight, 1996). Constructed wetlands are increasingly 
important for treating different types of wastewaters because of their ability to 
improve the water quality by physical, chemical and biological processes. The 
remainder of this Chapter reviews the literature related to the waste waters under 
evaluation in this study. 
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Dairy wastewater 
Treatment of farm dairy farm wastewater 
In the dairy industry, water is a key on-farm processing medium. Water is used 
throughout all steps of milk production, including cleaning, sanitization, heating, 
cooling and floor washing, and so the requirement for clean water is large. Dairy 
parlour wastewater is distinguished by high BOD and COD, high levels of dissolved 
or suspended solids including fats, oils and grease, and nutrients, such as ammonia or 
minerals and phosphates, and therefore require proper attention before disposal 
(Sarkar et al., 2006). Apart from that, dairy waste also has high concentration of 
dissolved organic components like whey proteins, lactose, fat and minerals 
(Mukhopadhyay et al., 2003). Typically, untreated dairy wastewaters have BOD of 
~4000 mgL
-1
 (Cronk and Shirmohammadi, 1994), TKN of 200 mgL
-1
 and P of 60 
mgL
-1
 (Cronk and Shirmohammadi, 1994). There is interest in the possibilities for 
reuse or recycling of dairy wastewater (Hamoda and Al-Awadi, 1996; Balannec et 
al., 2002), and recent studies revealed that CWs may help in solving the problem of 
attaining a quality of water that can be recycled back to land application (Table 2.5). 
 
Treatment of dairy processing factory effluent 
There have been few reports of the treatment of dairy processing factory effluent 
using CWs. Vymazal (2009) reported that a HSSF CWs have been used for the 
effective treatment of wastewater during cheese-making; one system utilising in-
filled natural terrain to treat effluent from a medium-size cheese-making plant in the 
Aosta Valley, northwest Italy, and a second from the production of Italian cheese 
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varieties “Parmigiano-Reggiano” and “Grana Padano.”  However, when the present 
study began, to the best of the author’s knowledge, there had been no prior field 
studies involving the treatment of large-scale dairy factory effluent, and none in 
Australia. Consequently, as background research into the applicability of this 
technology in south west Australia, and understanding of the Victorian dairy industry 
and its effluent qualities is necessary. 
 
Table 2.5: Studies on dairy farm wastewaters using CWs 
Ref. Country Removal efficiencies (%) 
BOD TSS TN NH4 TP E.coli 
Tanner et al. (1995) New 
Zealand 
50-80 75-85 48-75  37-74 90-95 
Newman and Clausen,  
(1997) 
U.S.A. 90 45 74 6 28  
Schaafsma et al. (2000) U.S.A 79 96 98.5  56 96 96 
Newman et al. (2000) U.S.A 85 94 53   68  
Kern and Brettar  
(2002) 
Germany   85-90 91.6   
Kern  (2003) 
Summer 
Winter 
Germany  
 
  
83.4 
87.5 
  
75.1 
82.8 
 
99.3 
95.8 
Hill et al. (2003) U.S.A     53  
Mantovi et al. (2003) Italy 93.7 90 50  60 99 
Gasiunas et al. (2005) Lithuania   37-44    
Merlin and Gaillot 
(2010) 
France  96 76  19  
da Silva and 
Roston(2010) 
Brazil  67   80  
O’Neill et al. (2011) U.K     86  
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The Victorian Dairy Industry 
The Australian dairy manufacturing sector is diverse, with both public, private and 
multi-national companies, and farmer-owned co-operatives (DA, 2008). Major multi-
national dairy companies have operated in the Australian dairy industry for many 
years, although in 2008, approximately half of Australia’s milk output came from co-
operatives. There are also a number of small to medium-sized co-operatives with 
milk intake volumes between 100 and 1,000 million litres. Other Australian dairy 
companies cover a diverse range of markets and products, and include the publicly 
listed Warrnambool Cheese and Butter Factory (WCB), to many smaller, highly 
specialised farmhouse cheese manufacturers (DA, 2008). The major manufactured 
product streams are: 
o Fresh and UHT long-life drinking milk. 
o Skim milk powder (SMP)/buttermilk powder (BMP)/butter. 
o Butter/casein. 
o Cheese. 
o Whole milk powder (WMP). 
o other consumer products, such as yogurts, custards and dairy desserts. 
o Specialised ingredients, such as whey proteins, nutraceuticals. 
 
In 2008, Dairy Australia reported that, in line with international trends, there has 
been a general shift in Australia’s product mix, away from butter and SMP, and 
towards increased cheese and WMP production (DA, 2008). Around 60% of 
manufactured product (in milk equivalent terms) is exported. Victoria dominates the 
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Australian dairy industry, producing ~6.6 billion litres of milk in 2004/05 (or ~ 65% 
of Australia’s milk production, and 84% of Australian dairy exports; DPI, 2006). 
Nearly half of all the major Australian dairy manufacturing sites are located in 
Victoria, with more than 90% of Victoria’s milk used to produce manufactured 
products (such as butter, cheese and milk powders) and also specialised dairy 
ingredients (such as lactoferrin, lactoperoxidase and immuno-globulins). Of direct 
relevance to this project is the Warrnambool Cheese and Butter Factory (WCB) 
which was established in 1888, making it the oldest surviving dairy company in 
Australia (WCB, 2009). In 1888, the milk was sourced from only six suppliers. In 
2009, that number had increased to over 600 suppliers, generally from south western 
and central Victoria, but as distant as the Fleurieu Peninsula of South Australia. 
Together these farms supply over 800 million litres of milk to WCB plant at 
Allansford in south-west Victoria each year. WCB is a major producer of dairy 
commodities, such as cheese, milk powders, whey protein, butter and cream, for both 
domestic and export markets. WCB also produces fresh milk under the Sungold 
brand.  
 
Victorian dairy processing industry effluent characteristics 
As noted earlier the performance of CWs is in part dependent on the quality of the 
water feeding the CW. In 2003/04, the Closing the Loop project (CTL) undertook a 
survey of wastewater and organic waste management practices in 24 dairy factories, 
processing more than 95% of the total milk production in Victoria (Allinson et al., 
2007). In 2007, CTL undertook a second, detailed survey of waste production and 
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management practices in the Victorian dairy industry using the methods used by 
CTL in 2003. The survey was conducted through a targeted questionnaire focusing 
on solid and liquid waste management practices in Victoria’s 24 main dairy factories, 
and assessed the type of production facility, chemical usage, water usage, waste 
water and soil waste generation, current waste management practices and perceived 
waste problems. In short, the survey found (Dyer and Allinson, 2007) that in 2007, 
75% of the factories approached completed the survey (to a greater or lesser extent). 
On average these 18 factories processed over 5.3 billion litres of milk. The total 
annual costs associated with waste management identified by those factories 
returning the survey was almost $28 million (cf. $37 million in 2004). Included in 
waste management costs were those for the approximately 8000 tonnes per annum of 
cleaning alkali and 3,000 tonnes per annum of acid cleaners (consumed at a cost of 
more than $8 million). The amount spent on cleaning agents in 2007 was almost half 
of that reported by CTL for 2003. This may be a result of improvements in 
environmental performance producing significant financial savings, but may also 
reflect reduced need for cleaning agents as a knock on effect of continued drought 
(Dyer and Allinson, 2007). Collectively, in 2007 the total amount of water consumed 
annually by the Victorian factories was some 6,948 ML. Proportionally; this was not 
dissimilar to the amount consumed by the 24 factories responding to CTL’s 2003 
survey (~10,538 ML). However, the proportion of town (potable) water consumed 
had gone down (2007, 33% cf. 2003, 61%).  
 
64 
 
In 2007, collectively the 18 factories discharged a total of 8,140 ML of wastewater. 
Again, proportionally, this was not dissimilar to the amount discharged by the 24 
factories in 2003 (~10,300 ML). The water was discharged to: surface-waterway 
(12%), land (53%), sewer (33 %), and natural wetlands (2%) (cf. in 2003, where the 
breakdown was 13% to surface waters, 44% to land and 43% to sewer, respectively; 
Dyer and Allinson, 2007). No factories provided enough data to conduct a reliable 
sodium balance, but in general sodium entered the factories in much the same way as 
in 2004, i.e. either in milk, as CIP chemicals, or salt. A significant proportion of this 
salt left the factories in the wastewater. The most common biological process for 
wastewater treatment used by the Victorian factories was aerobic digestion, followed 
by anaerobic digestion (33% of factories), and dissolved air flotation (33% of 
factories). Disturbingly, 16% of respondents reported no treatment of wastewater 
before it was discharged. In 2007, the factories discharged an average of 452 ML per 
factory. This equates to an average daily flow of 1.2 ML (assuming year-round 
flow). The data provided by factories for key water quality characteristics, namely 
BOD, TSS, TN, and TP was variable (Table 2.6), perhaps reflecting both the 
different treatment process within the plants but also the different products produced 
by each plant.  
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Table 2.6: Average dairy processing factory wastewater quality 2003-2006 (reproduced with permission from Dyer & Allinson, 2007).
 
Wastewater quality (average reported by each factory) 
Identity TSS  
(mg/L) 
TDS (mg/L) OG/F 
(mg/L) 
BOD5 
(mg/L) 
COD 
(mg/L) 
Phosphate P 
(mg/L) 
Total Kjeldahl 
N (mg/L) 
Na ion 
(mg/L) 
SAR pH Temp (C) 
1 400 - - 1700 2800 45 90 520 - 8.0 15 
2 1200 2550 632 4300 6375 54 130 240 - 10.0 - 
3 30 - - 15 - 20 50 - 25 8.5 30 
4 142 4 5 824 - 11 34 46 - 7.2 26 
5 147 2140 237 117 538 47 124 616 6.9 6.9 30 
6 645  - 27 153 8 27 150 6.7 7.8 -- 
7 2300 2500 1000 4000 - - 200 300 - 8.0 25 
8 19 1258 - 11 67 3 11 204 8.6 8.3 25 
9 697 1945 255 1896 3441 19 75 321 - 11.6 38 
10 100 2900 - 30 100 80 7 600 - 6.8 30 
11 37 - - 5 230 5 16 874 22.9 9.0 - 
12 518 - - 2150 4250 43 97 444 - 8.3 - 
15 1385 1835 1100 - 4895 18 84 - - 12.0 <38 
16 22 2117 - 7 1334 6 4 675 32.6 9.2 17 
17 1519 - - 4155 - - 186 - - 6.6 - 
18 1400  200 3000 5000  45   10.6  
Average 660 1916 490 1482 2432 28 74 416 17 8.7 28 
TSS, total suspended solids; TDS, Total Dissolved Salts; OG/F, oils, grease and fats 
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Aquaculture wastewater 
A recirculating aquaculture system (RAS) can be potentially used for intensive 
culture with limited pollutant discharge, thereby increasing fish or shrimp production 
and reducing land and water usage as well as reducing adverse environmental 
impacts (Lin et al., 2003). However the removal of solids, organic matter, ammonia, 
nitrogen and phosphorus from the effluent stream has not been cost effective for 
large volume culture systems, despite being critical for achieving recirculating 
aquaculture (Lawson, 1995). Solids are removed using physical processes, including 
sand and mechanical filters (Kristiansen and Cripps, 1996), with removal of organic 
matter, nitrification, or denitrification via biofilters, trickling filters, rotating 
biological contactors, and fluidized bed reactors (Van Rijn, 1996). These treatment 
methods have the disadvantages of producing sludge, requiring high energy input, 
and frequent maintenance. Furthermore, individually these systems can achieve only 
partial water purification, so several components need to be combined in a 
recirculating system (Lawson, 1995). Chen et al. (1998) describe typical RAS 
discharge wastewater with total solids (1.4 – 2.6 %), BOD (1,590 – 3,870 mgL-1), 
TAN (6.8 – 25.6 mgL-1), TP (0.6 – 2.6 % of TS) and pH in the range of 6.0 – 7.2. In 
the process of reusing the water many times, toxic and non-toxic nutrients and 
organic matter accumulate. Therefore, it is important to recognise the impact that 
may result from the release of this wastewater. Development of effective, low-cost 
waste water treatment is imperative if aquaculture is to expand continually at the 
present rate (Zachritz and Jacquez, 1993). 
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One approach to this problem that has received increased consideration is the use of 
CWs, although information on using CWs for wastewater purification in RAS 
systems is still limited (Redding et al., 1997; Panella et al., 1999). Lin et al. (2002) 
evaluated the performance of the wetland unit in treating the recirculating wastewater 
from shrimp production, and included growth and survival of shrimp post larvae. The 
CWs effectively reduced the inlet concentrations of BOD by 24%, SS by 71%, TAN 
by 57%, NO2-N by 90%, NO3-N by 68%, although PO4
3-
 reduction was the least 
efficient at 5.4%.  Lin et al., (2002) concluded that CWs can improve water quality 
and provide a good aquaculture environment, increasing shrimp growth and survival 
without water exchange in the RAS. Lin et al. (2005) also investigated integrating 
FWS and SF CWs at a commercial-scale in a RAS for intensive shrimp culture. Their 
results showed that the FWS–SF cells effectively removed TSS (55–66%), BOD 
(37–54%), TAN (64–66%) and NO3-N (83–94%) under high hydraulic loading rates 
(1.57–1.95 m day-1). This led to a conclusion that CWs are technically and 
economically feasible for managing water quality of an intensive aquaculture system, 
and that discharge of effluent to the environment can satisfy regulating discharge 
standards.   
 
Subsurface flow CWs have also been trialled in tilapia production RAS wastewater, 
at a commercial production scale (>35 kg m
-3
) for over 36 months of operation by 
Zachritz et al. (2008). They report that TSS, TAN, NO2-N, and NO3-N removal for 
the SSF wetlands was 67.2, 46.0, 87.0, and 40.6%, respectively. Bed depth and 
hydraulic loading rates were major factors controlling the aerobic/anaerobic removal 
68 
 
of nitrogen. Similarly, Zhang et al. (2010) trialled CWs at a catfish RAS, reporting 
that the CWs were relatively good at removing particulate matter (more than 55%) 
but were less efficient at removing nutrients and organic matter, with only TAN, TN, 
COD, BOD and TSS concentrations significantly lower after wetland treatment.   
 
In recent years, constructed wetlands have been used for integrated wastewater 
treatment and ecosystem restoration. For instance, a RAS consisting of CWs and fish 
ponds was set up in Wuhan, China by Zhong et al. (2011). Their removal rates 
forNH4, NOX, and TN by the CWs were20-55%, 38-84 % and 39-57%, respectively. 
The authors also found that denitrification in the CWs was the main pathway of 
nitrogen loss (41.67 %), with nitrogen accumulation in pond water and sediment 
accounting for 3.39 % and 12.65 % of total nitrogen loss, respectively. Zhong et al. 
(2011) concluded that (a) the nitrogen removal efficiency and budget showed that the 
CW could be used to control excessive nitrogen accumulation in fish ponds, and (b) 
RAS combined with the constructed wetland can be applied to ensure the sustainable 
development for aquaculture. 
 
Municipal/domestic Wastewater 
There have been many studies assessing the treatment of municipal/domestic 
wastewater by CWs, with the current consensus appearing to be that the optimal 
situation for all but small communities is that the municipal effluent is first treated by 
conventional wastewater treatment systems, with tertiary (or polishing) treatment by 
constructed wetlands, typically SSF CWs (Kadlec and Knight, 1996; Vymazal, 
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2009). Municipal/domestic wastewater is very variable in composition, but, for 
instance, Kadlec and Knight (1996) suggest that the ‘typical’ composition of 
municipal wastewaters is: BOD: 220, TSS: 220, NH4-N: 25, NOx-N: 0, Norg: 15, 
TKN: 40, and TP: 8 mgL
-1
. There is also variable treatment efficiency reported 
(Table 2.7). 
 
Table 2.7: Example of investigation on performance of CWs in municipal and 
domestic wastewaters 
Ref. Country Removal efficiencies (%) 
BOD TSS TN NH4 TP E.coli 
Watson,(1990) U.S.A 89 95 81 74 93 81 
Greenway and 
Wooley (1999) 
Australia 17-89 14-77 18-86 8-95 13  
Neralla et al. 
(2000). 
U.S.A 90 81  40  90 
Kadlec et al. 
(2000) 
Denmark 94 96 25 28 100  
Gasiunas and 
Strusevičius (2003) 
Lithuani
a 
84 60 21  14  
Shalabi (2004) Croatia 87 81 47  55 52 
Stewart (2005) Jamaica 51 77 96 93 95 61 
Sardón et al. 
(2006) 
Spain 87 89 52 42 25  
Dzakpasu et al., 
(2011 
Ireland    98   
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CHAPTER 3 
 
3. Materials and Methods 
 
3.1. General 
This chapter provides a general explanation of the various analytical and 
experimental procedures employed in Chapters 4, 5, 6 and 7 and descriptions of the 
planting and establishment of Arundo donax (A. donax) and Phragmites australis (P. 
australis). Further details on materials and methods specific to individual 
experiments are included in specific chapters (Chapters 4, 5, 6, 7 and 8). 
 
3.2. Plants 
Two species, A. donax and P. australis, were established in experimental subsurface 
flow, gravel-based constructed wetlands (CWs). Two sets of CWs were constructed: 
the first set receiving untreated stormwater and then wastewater from Warrnambool 
Cheese and Butter dairy processing factory (WCB) Alansford, Victoria; the second 
set wastewater from the Deakin University Aquaculture Centre (DAC) recirculation 
system, and municipal wastewater from Wannon Water’s Hamilton Wastewater 
Reclamation Plant (HWRP). 
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Both plants (A. donax and P. australis) used in  the  WCB dairy processing factory 
studies were obtained commercially (Shaman Nurseries, Mullumbimby, NSW, 
Australia) and transported to Department of Primary Industries (DPI) Queenscliff 
Centre where they were planted into pre-prepared constructed wetlands (CW). Plants 
were ordered from this nursery because it was the only commercial supplier of A. 
donax at that time and to ensure plants were all generally the same age and height. 
 
The A. donax employed in DAC and HWRP studies were collected from a road-side 
site at Balliang East in Victoria, on 24 April 2008 and transported to DAC in 
Warrnambool; the P. australis were collected at the Hopkins river bank in 
Warrnambool. In part, both species were collected from the wild due to their 
unavailability from local commercial nurseries at the time they were required, but 
primarily because collection from the wild allowed a greater rhizomial biomass to be 
obtained at low cost, which in turn eventually allowed for more rapid establishment 
in the CWs. The A. donax and P. australis rhizomes were washed clean using tap 
water. Both species were then planted in tubs filled with potting mix for 11 months 
for plant establishment purposes.  
 
3.3. Experimental  plan 
The general plan of the experimental work for this study is shown in Figure 3.1. The 
experimental program can be divided to four main sections: i) correlating WCB 
storm water short-term exposure with treatment efficiency and biomass production at 
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low salinity; ii) correlating WCB short term exposure with treatment efficiency and 
biomass production at a range of salinities (¼ strength, ½ strength and plant effluent) 
and correlating WCB long term exposure with treatment efficiency and biomass 
production at a single salinity (full strength WCB effluent); iii) correlating DAC 
short term exposure with treatment efficiency and biomass production at a single 
salinity and iv) correlating Hamilton RWP short term exposure with treatment 
efficiency and biomass production at a single salinity. In the first stage of this study, 
CW beds planted with A. donax and P. australis, and unplanted beds were exposed to 
WCB stormwater at two different flow rates. The results obtained were used to select 
an appropriate flow rate in subsequent experiments on factory effluent of WCB, 
aquaculture wastewater from DAC and municipal wastewater from HWRP. The 
original plan for the DAC experiments was also to trial two flow rates, but due to 
unforseen circumstances, the DAC had insufficient wastewater in 2009 to undertake 
the second flow rate trial, and the CWs had to be transferred to Hamilton WRP. 
 
3.4. Design of constructed wetlands 
Warrnambool Cheese & Butter dairy factory wastewater experiments 
Construction of the CW beds began in late November 2007 after a site had been 
prepared at DPI Queenscliff Centre. Eight horizontal sub-surface flow (HSSF) CW 
beds were prepared in 1000 L UV-stabilised polypropylene troughs, each with the 
following inner (useful) dimensions: 1.6 m long, 0.8 m wide, and 0.40 m depth. The  
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Figure 3.1: Overview of experimental program 
 
wetlands had three zones, an inlet, a treatment, and an outlet zone. The inlet and 
outlet zones occupied the semi-circular ends of the troughs and were filled with 50-
70 mm diameter quartz rocks, with the rectangular treatment zone containing 7 mm 
diameter sieved and washed bluestone gravel (a hard blue-blackish coloured local 
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volcanic rock composed of fine-grained plagioclase feldspar and ferromagnesian 
minerals).Water level was controlled by means of an external stand-pipe in the outlet 
zone. A total of 6 small, bare-rooted Arundo donax cuttings (15-25 cm high, stem 
diameter 0.5 cm) were planted in each of three beds. Similarly, 12-16 small bare-
rooted Phragmites australis plants (approximately 20 cm high, stem diameter 0.5 
cm) were planted in three of the remaining beds. The remaining two beds were left as 
unplanted controls (note: this asymmetric planting design was the result of lack of 
space at WCB, i.e. only sufficient space for eight CWs). 
 
The CWs, including the unplanted controls, were irrigated with rainwater collected 
from the roofs of DPI Queenscliff Centre between December 2007 and August 2008, 
allowing for substantial development of the plants and maturation of the wetlands. 
Each week, the planted wetlands were given a dose of a commercial hydroponics 
fertiliser (Hydroponic Nutrient; Manutec Manufacturing Technology, Cavan, South 
Australia, comprising N, 7.6%; P, 3.1%; K, 18.2%; and Ca, 19.0%).The development 
of vegetation showed the same pattern in all A. donax beds. Only one A. donax plant 
failed to grow. All the remaining plants produced a significant number of new shoots 
and rhizomial growth (Plate 3.1). For instance, in May 2008, the number of A. donax 
stems around each of the original planting locations had increased 12 fold (range: 4 -
23 fold). Stem heights were of the order 1500 – 17500 mm, stem diameter 5 – 10 
mm, with each wetland producing an average 2650 g biomass (wet weight; range: 
2460-2790 g) from 5-10% of the ~1.28 m
2
 treatment zone surface, corresponding to 
about 21,000 kg/ha (wet weight) in the first six months. By May 2008, the number of 
75 
 
P. australis stems around each of the original planting locations had increased 14 
fold (range: 5 – 33 fold), covering some 40% of the treatment zone area (Plate 3.2). It 
is not possible to report comparable biomass production rates during the 
establishment period because the P. australis received two prunings to encourage re-
growth following problems with water level control and ‘die-back’ over the 
particularly hot 2007 Christmas / New Year period, and, in one bed, problems 
resulting from suspected herbicidal drift from on-site ground-cover clearance (to 
reduce the risk from snakes). 
 
The CWs were transferred from DPI Queenscliff to their location at WCB in August 
2008, where they were hand-watered using storm water for six months while the rest 
of the system (including bulk and bed water storage tanks, plumbing and a supply 
line from the storm water pond) was installed, tested and optimised.The CWs and 
their associated water storage tanks were arranged in two rows either side of a central 
distribution line (Figure 3.2). Due to on-site space limitations, we were unable to fit 
the same number of CW beds for each treatment. Treatments were: beds 1, 2, 7 
planted with P. australis; beds 3,4, 6 planted with A. donax; beds 5 and 8, unplanted 
controls. 
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Plate 3.1: Constructed wetlands plated with (top) Phragmites australis, and (below) 
Arundo donax in December 2007. 
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Plate 3.2: Constructed wetlands planted with (left) Phragmites australis, and (right) 
Arundo donax in May 2008. 
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Figure 3.2:  Layout of experimental CW system at WCB (*, water sampling points) 
 
During the period 16 February 2008 to 1 April, 2009, the removal efficiency of the 
entire system, including storage tanks (as surrogate retention ponds) and CWs was 
tested by measuring the main inlet (prior to the bulk storage tank) and effluent (post 
CW) water quality at a single hydraulic loading rate (3.75 cm day
–1
). The tested 
factor was species with three qualitative levels: (a1) unplanted, (a2) Arundo donax, 
(a3) Phragmites australis. The experimental units were continuously loaded with 
untreated stormwater with average (± STD) biochemical oxygen demand (BOD), SS, 
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TN and TP influent (pre-bulk storage tank) concentrations of21 ± 9, 28 ± 13, 5.2 ± 
1.2 and 6.2 ± 1.3 mg L
–1
, respectively. Thereafter, the influence of loading rate on 
the treatment efficiency of the CW beds was investigated, initially at3.75 cm day
-1
 (1 
- 29 April, 2009), and then 7.5 cm day
-1
(06 May – 24 June, 2009). In these 
experiments, the first tested factor was (A) species with three qualitative levels: (a1) 
unplanted, (a2) Arundo donax, (a3) Phragmites australis. The second factor (B) was 
hydraulic loading rate at two levels: (b1), 3.75 cm day
–1
 and(b2) 7.5 cm day
–1
, tested 
sequentially, for 28 and 56 days each, respectively. In this experiment, the 
experimental units were continuously loaded with untreated storm water, and the 
factor hydraulic loading rate was nominally associated with hydraulic retention time, 
meaning that doubling the loading resulted in reducing to half the hydraulic retention 
time. The average standard deviation (± STD) BOD, SS, TN and TP influent (pre-
bulk storage tank) concentrations during 1 April – 24 June 2009 were13 ± 8, 31 ± 13, 
4.1 ± 3.6 and 2.8 ± 1.8 mg L
–1
, respectively. At the end of the exposure period, plants 
were cut back to within 10 cm of the bed surface, and the length of each stem 
measured, along with the total wet weight of biomass from each bed. The 
experiments at the WCB factory effluent wastewater are summarised in Table 3.1. 
 
Warrnambool Cheese and Butter Co. Ltd 
The Warrnambool Cheese and Butter Co. Ltd (WCB) located at Allansford, near 
Warrnambool in south-west Victoria is the oldest dairy processor currently operating 
in Australia. At the Allansford factory, WCB produces a range of high quality dairy 
products such as cheese, milk powders, whey protein, butter and cream, for both 
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domestic and export markets. Currently the WCB treated effluent is disposed to 
sewer, and enters Wannon Water’s Warrnambool treatment plant (WWTP). 
Typically, WCB discharge around 1200 megalitres (ML) of treated wastewater to 
Wannon Water annually, with maximum annual BOD of 46000 kg/y and SS of 
85000 kg/y.  
 
Table 3.1:  Warrnambool Cheese and Butter wastewater trials 
Experiments Flowrate Duration 
Stormwater 2 L h
-1
/3.75 cm 
day
-1
 
4 L h
-1
/7.5 cm 
day
-1
 
16/02/2009 – 29/04/2009 (11 weeks) 
 
06/05/2009 – 24/06/2009 (8 weeks) 
¼ strength plant effluent 
wastewater 
2 L h
-1
/3.75 cm 
day
-1
 
14/10/2009 – 03/12/2009 (8 weeks) 
½ strength plant effluent 
wastewater 
2 L h
-1
/3.75 cm 
day
-1
 
30/12/2009 – 10/03/2010 (12 weeks) 
Short term exposure of 
full strength plant 
effluent wastewater 
2 L h
-1
/3.75 cm 
day
-1
 
07/04/2010 – 29/07/2010 (17 weeks) 
Long term exposure of 
full strength plant 
effluent wastewater 
2 L h
-1
/3.75 cm 
day
-1
 
13/10/2010 – 27/04/2011 (29 weeks) 
 
Deakin University Aquaculture Centre wastewater experiments 
Experiments were conducted at the Deakin University Aquaculture Centre (DAC), 
Deakin University, Warrnambool Campus. Construction of the CWs began in 
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November 2008 after a site had been prepared beside the DAC (Figure 3.5). Nine 
HSSF CWs were prepared in 1000 L UV-stabilised polypropylene troughs, each with 
the following inner (useful) dimensions:1.6 m long, 0.8 m wide, and 0.40 m depth. 
The wetlands have three zones, namely the inlet, treatment, and outlet zones; the 
inlet and outlet zones occupied the semi-circular ends of the trough and comprised 
50-70 mm diameter rocks, with the rectangular treatment zone comprising 7 mm 
diameter sieved and washed bluestone gravel.Water level was controlled by means of 
a stand-pipe in the outlet zone. The CWs were planted on the 16 March 2009 (Plate 
3.3). CWs 1, 4, and 7 were planted with P. australis (stems approximately 20 cm 
high, 0.5 cm in diameter, plant wet weight: CW 1, 5.9kg; CW 4, 4.6kg; and CW 7, 
5.1kg); CWs 2, 5, and 8 planted with A. donax (six pieces of rhizome with stems in 
each CW; stems 15-25 cm high, 3 cm diameter; plant (including rhizome) wet 
weight: CW 2, 36.7kg; CW 5, 39.0 kg; and CW 8, 35.7kg); CWs 3, 6 and 9 were 
unplanted controls. The CWs were arranged in a row on the northern aspect of the 
DAC, and connected to the DAC’s 20 tonne effluent storage tank by a supply line 
running via intermediate 5000L, and 600L storage tanks. 
 
The CWs, including the unplanted controls, were irrigated with potable water for 6 
months until the middle of December 2009, allowing for substantial development of 
the plants and maturation of the wetlands. Each week the planted wetlands were 
dosed with a commercial hydroponics fertilizer (Hydroponic nutrient from Manutec 
PTY. LTD. with contents of N 7.6%, P 3.1%, K 18.2%, Ca 19.0%). The 
development of vegetation showed the same pattern in all A. donax beds. All the 
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plants produced a significant number of new shoots and rhizomial growth. For 
instance, on 7 December 2009, stem heights were of the order 30 – 150 cm, stem 
diameter 0.5 – 5 cm, with each wetland producing an average 5307 g biomass (wet 
weight; range: 4865 - 5575 g) from the ~1.28 m
2
 treatment zone surface, 
corresponding to about 41 tonne ha
-1
 (wet weight) in the first nine months. By 
August 2009, the number of P. australis stems around each of the original planting 
locations had increased 14 fold (range: 5 – 33 fold), covering some 40% of the 
treatment zone area. It is not possible to report comparable biomass production rates 
during the establishment period because the P. australis received two prunings to 
encourage re-growth following problems with aphid invasion. The CWs were 
connected to the rest of the systems (including 5000L, 600L storage tank, plumbing 
and a supply line from the 20 tonne storage tank), tested and optimised. The CW 
beds and their associated water storage tanks were arranged in a row along an 
effluent distribution line (Figure 3.3). Treatment beds 1, 4, 7 were planted with P. 
australis; beds 2, 5, 8 planted with A. donax; beds 3, 6 and 9 were unplanted control 
beds. During the period of 24 December 2009 to 18 March, 2010, the removal 
efficiency of the entire CW system was tested by measuring water quality at the main 
inlet pre-5000 L storage tank, CW inlet (pre CW bed) and effluent (post CW bed). 
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Plate 3.3: Arundo donax and Phragmites australis before pruning (top), and 
Phragmites australis after pruning (bottom) in constructed wetlands.  
 
Recirculating aquaculture system 
The Deakin University Aquaculture Centre (DAC) is located on DeakinUniversity’s 
Warrnambool Campus in south-west Victoria. The facility consists of five 
independent, indoor, climate controlled recirculating aquaculture systems (RAS) 
equipped with independent water treatment plants in which water is treated via 
rotating drum-screen filter, floating micro-bead biofilters, up-flow filters and 
84 
 
ultraviolet sterilization. Return water is pumped via a pressurized reactor into which 
oxygen is injected and the water supersaturated for subsequent use in heavily-stocked 
tanks. The RAS was designed for commercial grow-out finfish production research, 
and for commercially orientated broodstock propagation research. was producing 
approximately 20-28 ML effluent at the time of this CWs trial. Currently, the DAC’s 
effluent is discharged to sewer. Salt is added to RAS water as a prophylactic 
treatment to reduce the chance of disease and osmotic stress and routinely was 
introduce (2-4 gL
-1
) in the main system water during the period of this trial and thus 
the DAC RAS effluent contains elevated levels of salts. 
 
Hamilton municipal reclaimed wastewater system 
The CWs at DAC were transferred to Hamilton WRP (HWRP) on 11 November 
2010 after a site has been identified and cleared. Before transportation the plants 
were harvested to reduce transport injuries to the plants. After transportation, the 
CWs were arranged in a row in the same order as at the DAC, i.e. CWs 1, 4, and 7 
were planted with P. australis, CWs 2, 5 and 8 planted with A. donax and CWs 3, 6 
and 9 were the unplanted controls. The schematic diagram of CWs and HWRP 
treatment plants system are shown in Figure 3.4.The CWs were re-established with 
potable water and then, starting from 15 December 2010, acclimated with treated 
municipal wastewater (Plate 3.4). The plants were harvested on 11 January prior to 
the experimental trial with each wetland planted with P. australis producing an 
average of 4217 g biomass (wet weight; range 3529 – 4789 g), and those planted 
with A. donax an average of 4892 g biomass (wet weight; range 4589 to 5525 g).  
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At the HWRP, the treatment system consists of screening and grit removal, a primary 
clarifier, trickling filter, secondary clarifier, a series of facultative lagoons, sludge 
thickener and anaerobic digester (Figure 3.4). For this experiment, the effluent 
wastewater used was post the trickling filter but pre the secondary clarifier. 
Submersible pumps were used to pump the effluent from a reservoir to the 
intermediate 5000L and 700L (to facilitate flow regulation in the CWs) storage tanks. 
Effluent samples were collected from the outlet of each CWs every 7 days for 14 
weeks from 19 January to 13 April 2011. The effluent was discharged to the surface 
of the inlet zone with a hydraulic loading rate of 3.75 cm d
–1
.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3:  Layout of experimental CW system at DAC (*, water sampling points)
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Figure 3.4:  Layout of experimental CW system at HWRP (*, water sampling points) 
  
Business/Industrial/Domestic wastewater 
Screening/grit removal 
Primary clarifier 
1 
5000 L 
 
* 
 
  
 
* 
 
2 
3 
4 
5 
6 
7 
8 
9 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
 
* 
 
  
 
 
 
 
  
  
  
  
  
1 
Trickling filter 
Secondary clarifier 
Lagoon (reuse) 
Primary clarifier 
Sludge thickener 
Anaerobic digester 
Biosolids processing 
Reuse as biosolids 
87 
 
 
 
Plate 3.4: Constructed wetlands at HWRP after arrival from DAC (top) and before 
harvesting prior to starting the experiment on January 2011 (below).  
 
3.5. Sampling and Analytical Procedures 
After treatment was imposed, CW inlet and outlet water samples were collected 
weekly or fortnightly based on the requirements of the experiment. Details of the 
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sampling variations are described in appropriate experimental chapters. Samples 
bottles (1000mL) were firstly rinsed three times with sample site water before a 
sample was taken. The physicochemical properties of the water samples, i.e. 
temperature, pH and electrical conductivity (EC), were determined following the 
American standard methods for the examination of water and wastewater (APHA, 
2005).   
 
Total nitrogen (TN), total ammonia nitrogen (TAN), nitrate (NO3-N), nitrite (NO2-N) 
total phosphorus (TP), biological oxygen demand (BOD5), and suspended solids (SS; 
dry weight) concentrations in the water samples were determined following APHA 
(2005) standard methods for the examination of water and wastewater. Three 
bacterial measures of water quality (Total Plate Count (TPC), Total Coliform (T. 
coli) and Escherichia coli (E. coli)) were determined using membrane filtration – 
presumptive count methodology. Chlorophyll a, chlorophyll b, and total chlorophyll 
concentrations in plant tissues were determined using the methodology of Arnon 
(1949) and Ryerson and Dengler (1994). Water samples were also screened for a 
range of trace metals, including Al, B, Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn, 
major anions (Br
-
, Cl
-
, F
-
, PO4
3-
, SO4
2-
, and confirmatory measurements of NO3
-
, 
NO2
-
) and Total organic carbon (TOC). The specific analyses used are described in 
the following section (3.4.5) and Table 3.2. 
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Table 3.2: Summary of analytical procedures conducted 
Parameter Methods Procedures 
Physicochemical Properties 
pH OxyGuard pH redox 
(ORP) meter   
pH was measured in the field and 
calibrated using pH standard 4.0 
and 7.0 before used. 
 
Electrical 
Conductivity (EC) 
Hanna (HI 9835) 
EC-TDS Meter 
EC was measured in the field and 
calibrated using EC standard of 
1413 µs cm
-1
 before used. 
 
Temperature Hanna (HI 9835) 
EC-TDS Meter 
Temperature was measured in the 
field. 
 
Physical Properties 
 
Biomass 
measurement 
 Plants were harvested by cutting 5 
cm above-ground level of CWs 
beds and weighed to determine 
fresh weight. Samples were dry in 
an oven at 75
o
C for 72 h for dry 
weight determination. 
 
Chemical Properties 
Biological Oxygen 
Demand 
(BOD5 
APHA 5210 B BOD5 test is carried out by diluting 
the sample with oxygen saturated 
de-ionized water, inoculating it with 
a fixed aliquot of seed, measuring 
the dissolved oxygen (DO). The 
sample is kept at 20°C in the dark to 
prevent photosynthesis (and thereby 
the addition of oxygen) for five 
days, and the dissolved oxygen is 
measured again. 
 
Total Organic 
Carbon (TOC) 
Shimadzu TOC-V 
CSH Total Organic 
Carbon Analyzer; 
Shimadzu 
Corporation, 
KyotoJapan 
Determined by measuring total 
carbon (TC) and inorganic carbon 
(IC) in the unfiltered samples and 
then subtracting the IC from the TC 
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Table 3.2: Continued 
Parameter Methods Procedures 
Total nitrogen (TN) Calculation method 
for TKN (APHA 
4500-Norg B) and 
Oxidised nitrogen  
In the presence of H2SO4, potassium 
sulfate (K2SO4) and cupric sulfate 
(CuSO4) catalyst, amino nitrogen of 
organic materials is converted to 
ammonium.   After addition of base, 
the ammonia is distilled from an 
alkaline medium and adsorbed in 
sulfuric acid. 
 
Total Kjeldahl nitrogen (TKN) is the 
sum of organic nitrogen and ammonia 
nitrogen. 
 
Total nitrogen is the sum of TKN and 
oxidized nitrogen (nitrite and nitrate). 
 
Parameter Methods Procedures 
Chemical Properties 
Total ammonia 
nitrogen (TAN), 
APHA 4500-NH3 
B/C 
The sample is buffered at pH 9.5 with 
a borate buffer to decrease hydrolysis 
of cyanates and organic nitrogen 
compounds. It is distilled into a 
solution of boric acid when titration is 
used. The ammonia in the distillate is 
determined titrimetrically with 
standard H2SO4. 
 
Nitrate (NO3-N) 
Nitrite (NO2-N) 
Flow injection 
analysis (FIA) 
Lachat “Quikchem” 
model 8000 system 
Nitrate in the water samples is 
quantitatively reduced to nitrite by 
passing a buffered sample through a 
column of cadmium coated copper  
Total nitrite is converted to diazonium 
salt by reaction with sulfanilamide in 
acidic solution. Nitrate concentrations 
are obtained by subtracting nitrite 
values, determined without the use of 
the copper-cadmium column, from the 
nitrite + nitrate values. 
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Table 3.2: Continued 
Parameter Methods Procedures 
Total phosphorus 
(TP) 
APHA 4500 – P B/E Samples are digested by heating with 
sulfuric acids.  This converts all 
phosphorus to soluble reactive 
orthophosphate. TP is determined by 
measuring orthophosphate 
concentrations 
 
Suspended solids 
(SS; dry weight) 
APHA 2540 D A well mixed sample is filtered 
through a pre-weighed standard glass 
– fiber filter and the residue retained 
on the filter is dried to a constant 
weight at 105
o
C. The increase in the 
weight of the filter represents the total 
suspended solids.  
Microbiological Properties 
Total Plate Count 
(TPC) 
Membrane filtration 
Procedure – 
presumptive count 
Nutrient broth as a media and using 
membrane filtration method. 
Incubated at 37
o
C for 48 hours. 
 
Total Coliform (T. 
coli) 
Membrane filtration 
Procedure – 
presumptive count 
m-Coli Blue 24 Broth as a media and 
using membrane filtration method. 
Incubated at 35
o
C for 24 hours. 
Coliform appears as red colonies with 
a metallic sheen. 
Microbiological Properties 
Escherichia coli 
(E. coli) 
Membrane filtration 
Procedure – 
presumptive count 
Amyl Media (M-FC Broth) as a media 
and using membrane filtration method. 
Incubated for 24 hours at 44.5
o
C. 
Colonies showed up as blue dots on 
the plates. 
 
Major Anions 
NO3
-
, NO2
-
, PO4
3-
, 
SO4
2-
, Br
-
, Cl
-
, F
-
 
APHA 3030 
Ion chromatography 
Dionex ICS 3000, 
Dionex Corporation, 
Sunnyvale, CA, USA 
 
Determined by ion chromatography 
using a reagent free system with 
chemical suppression of background 
conductivity 
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Table 3.2: Continued 
Parameter Methods Procedures 
Major Cations 
Ca, K, Mg, Na APHA 3030 
ICP-OES; Varian 
Vista RL, CCD 
Simultaneous ICP-
OES, Varian 
Australia Pty Ltd, 
Mulgrave, Australia 
Measurement of metal concentrations 
required preparation of a 
representative sub-sample according to 
APHA 3030. After matrix matching, 
the concentrations of analytes were 
determined by inductively coupled 
optical emission spectrometry 
 
Trace Element Properties 
Al, B, Cu, Fe, Mn, 
Zn, S 
APHA 3030 
ICP-OES; Varian 
Vista RL, CCD 
Simultaneous ICP-
OES, Varian 
Australia Pty Ltd, 
Mulgrave, Australia 
Measurement of metal concentrations 
required preparation of a 
representative sub-sample according to 
APHA 3030. After matrix matching, 
the concentrations of analytes were 
determined by inductively coupled 
optical emission spectrometry 
 
Plant Growth 
Chlorophyl a, b, 
total 
 
Arnon (1949); 
Ryerson and Dengler 
(1994). 
Extraction of chlorophyll a and b 
using methanol in the dark.  
 
Chlorophyll a, b and total chlorophyll 
were determined by extracting five 1-
cm2 squares of freshly ground leaves 
from the second young unfurled leaf 
with 90% methanol in the dark and 
measuring the extinction of the 
extracted solution at different wave 
length (ƛ = 650 and 665) using 
specthrophotometer Carly 300 Bio UV 
Visible specthrophotometer. 
 
Concentration of total chlorophyll is 
the sum of chlorophyll a and 
chlorophyll b (Total chlorophyll = 
chlorophyll a + chlorophyll b) 
following the equation of Arnon 
(1949); Ryerson and Dengler (1994). 
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3.6. Calculations and Statistics 
Differences between outflow and inflow concentrations were calculated for each of 
the monitored variables as removal efficiencies given by; 
[(influent concentration - effluent concentration)/influent concentration] × 100 
This in turn provides a measure of treatment efficiency given by:  
% Difference = [(inlet – outlet) / inlet] x 100 
Due to small sample sizes and non-normal sampling distributions, statistically 
significant differences between all groups were assessed using the non-parametric 
Kruskal-Wallis test (analogous to the parametric one way ANOVA). Post hoc 
differences were examined using the Mann-Whitney test (a non-parametric method 
analogous to the independent samples t-test) with a Bonferroni correction applied to 
all post hoc probabilities. Sample distributions were considered significantly 
different where p < 0.007. The non–parametric test was deemed to be more powerful 
than the t-test for the small number of samples (Daniel, 1990; Walpole and Myers, 
1990). Statistical analysis was conducted using SPSS release 17.0.1 (SPSS Inc, 
Chicago, IL) and XL Statistics 2009 (R. Carr, XLent Works, Warrnambool, 
Australia). 
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CHAPTER 4 
 
4. Performance of the giant reed (Arundo donax) in experimental wetlands 
receiving variable loads of industrial stormwater 
 
A peer reviewed publication has resulted from this chapter: 
Idris S.M, Jones PL, Salzman SA, Allinson G (2012). Performance of the giant reed 
(Arundo donax) in experimental wetlands receiving variable loads of industrial 
stormwater. Wat Air Soil Poll. 223:549-557 
 
4.1. Introduction 
The proper functioning of a constructed wetland relies on the interaction of three 
design components, namely the wetland design itself, influent water quality and the 
wetland vegetation and subsequently, its on-going proper maintenance and operation. 
The plants (aquatic macrophytes) are often the dominant visual feature of constructed 
wetlands, and with microbial biofilms play several vital roles in nutrient removal, 
transformation and storage. Although plants in CWs are an essential component of 
the design, there is still no unanimous agreement on their overall treatment function 
and performance benefits. Indeed, in their review of the performance benefits of 
plants in CWs, Brisson and Chazarenc (2009) noted that while many studies 
comparing the treatment efficiency of planted versus unplanted horizontal subsurface 
flow (HSSF) CWs show a significant and positive effect of macrophytes on pollutant 
removal, it is not unusual to see no effect, i.e. the same plants having no influence on 
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treatment performance, or even a negative influence. Presently, plant selection is 
often based on pragmatic reasons rather than on rigorous evaluation of the 
comparative efficiency of different species (Brisson and Chazarenc 2009), e.g. 
chosen because they were in their native area (i.e. indigenous), known to have a role 
in wastewater treatment, relatively easy to propagate and, therefore, readily available 
and reasonably priced, relatively hardy and relatively non-invasive. 
 
A large number of plants have been used in CWs for pollution control. In HSSF 
CWs, at least 48 macrophytes have been trialled (Brisson and Chazarenc 2009), with 
the most common species utilised being Phragmites australis (Kadlec and Knight 
1996), followed by Typha spp. (e.g. Typha latifolia and Typha angustifolia) and 
Schoenoplectus validus (syn. Scirpus validus). One of the most promising alternative 
plants that is currently under study is the giant reed, Arundo donax. A. donax is an 
exotic perennial, herbaceous plant now found in most parts of Australia, including in 
Victoria, with some characteristics that make it suitable for use in CWs for 
wastewater treatment. For instance, A. donax has an extremely fast growth rate under 
optimal conditions (growth rates of up to 70 cm per week have been reported; Perdue 
1958) and in dry-land situations can produce more than 20 tonnes per hectare 
aboveground dry mass (or 8.3 tonnes of oven-dry cane per acre; Perdue 1958; 
Hoshovsky 2003). Concomitant with such fast growth rates is a high water demand, 
and A. donax can use as much as 2,000 L of water per metre of plant (Perdue 1958). 
The high water use may make this species suitable for water treatment applications 
(as in the case of this trial) or disposal of recycled water. High water use may also 
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make A. donax a good species for rapid rotation with agricultural crops in areas with 
elevated water tables, provided its roots penetrate deeply enough to dry out the 
vadose zone to significant depths, and a market can be developed for the biomass 
produced. There is, however, limited information on the use of A. donax in CWs, 
although the giant reed has been planted in free-water surface CWs in Arizona 
(Karpiscak et al., 1996) and Crete (Manios et al., 2002). More recently, Terzakis et 
al., (2007) reported the use of mixed stands of A. donax and P. australis in HSSF and 
free-water surface (FWS) CWs for the treatment of highway run-off in Crete. 
Although there was no difference in the performance between CW designs for almost 
all measured parameters, the systems achieved a mean (2-year) removal efficiency 
for chemical oxygen demand of 47%, for total suspended solids (TSS) of 89%, 49% 
for total nitrogen (TN) and 60% for total phosphorus (TP). In all three cases, the 
tendency for impenetrable stands of A. donax to rapidly dominate mixed reed-bed 
systems was noted.  
 
The Warrnambool Cheese and Butter Co. Ltd (WCB) located at Allansford, near 
Warrnambool in south-west Victoria, is the oldest dairy processor currently operating 
in Australia. At the Allansford factory, WCB produces a range of high-quality dairy 
commodities such as cheese, milk powders, whey protein, butter and cream, for both 
domestic and export markets. Typically, WCB collects 10 ML of stormwater 
annually, made up of both rainwater collected from pavement and roof areas and 
condensate water from plant operations, e.g. skimmed milk powder production. The 
collected stormwater is primarily used for irrigating lawns. As part of a larger study 
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investigating the use of CWs to treat WCB factory effluent, the opportunity arose to 
assess the effectiveness of treating collected stormwater on site. The specific 
objectives of this study were: (1) to compare the performance of A. donax and P. 
australis in gravel substrate wetlands, (2) to compare planted and unplanted beds and 
(3) to compare the performance of these species and the gravel filter under different 
hydraulic loading rates. 
 
4.2. Materials and Methods 
Study Site 
The design and set-up of the CWs is described in Section 3.4.1, but in short eight 
horizontal sub-surface flow CWs constructed at the Department of Primary 
Industries (DPI) Queenscliff Centre were transported to WCB where they were set 
up in two parallel rows, four CWs to a row, at the rear of WCB’s treatment plant.  
 
Treatment 
During the period 16 February 2008 to 1 April 2009, the removal efficiency of the 
entire system, including storage tanks (as surrogate retention ponds) and CWs was 
tested by measuring the main inlet (prior to bulk storage tank) and effluent (post CW 
bed) water quality at a single hydraulic loading rate (HLR; 3.75 cm day
−1
). The 
tested factor was species with three qualitative levels: (a1) unplanted, (a2) A. donax 
and (a3) P. australis. The experimental units were continuously loaded with untreated 
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stormwater with average (± SD) biochemical oxygen demand (BOD), suspended 
solids (SS), TN and TP influent (pre-bulk storage tank) concentrations of 21 ± 9, 28 
± 13, 5.2 ± 1.2 and 6.2 ± 1.3 mg L
−1
, respectively. Thereafter, the influence of HLR 
on the treatment efficiency of the CW beds was investigated, initially at 3.75 cm 
day
−1
 (1–29 April 2009) and then 7.5 cm day−1 (06 May–24 June, 2009). In these 
experiments, the first tested factor was (A) species with three qualitative levels: (a1) 
unplanted, (a2) A. donax and (a3) P. australis. The second factor (B) was HLR at two 
levels: 3.75 cm day
−1
 (b1) and 7.5 cm day
−1
 (b2) tested sequentially, for 28 and 56 
days each, respectively. In this experiment, the experimental units were continuously 
loaded with untreated stormwater, and the factor HLR was nominally associated with 
hydraulic retention time, meaning that doubling the loading resulted in reducing to 
half the hydraulic retention time. The average (±SD) BOD, SS, TN and TP influent 
(pre-bulk storage tank) concentrations during 1 April–24 June 2009 were 13 ± 8, 31 
± 13, 4.1 ± 3.6 and 2.8 ± 1.8 mg L−1, respectively. At the end of the exposure 
period, plants were cut back to within 10 cm of the bed surface, and the length of 
each stem measured, along with the total wet and dry weight of biomass from each 
bed. 
 
Data collection and analyses 
Details on the sampling and analytical procedures can be found in the Chapter 3 
(Section 3.5), but in short included the measurement of main tank, and CW inlet and 
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outlet water samples for TN, TP, BOD5, SS (dry weight) following APHA (2005) 
standard methods for the examination of water and wastewater.  
 
Details of the statistical treatment of data are also to be found in the Chapter 3 
(Section 3.5), but in short included assessing CW treatment (removal) efficiencies 
given by [(influent concentration - effluent concentration)/influent concentration] × 
100 for each of the monitored variables. Due to small sample size and non-normal 
sampling distributions, statistically significant differences between all groups were 
assessed using non-parametric statistical tests. 
 
4.3. Results and Discussion 
Often CWs for industrial pollution control have a sedimentation/retention pond to 
aerate the wastewater before the wastewater enters the treatment beds (although there 
appears to be little compelling evidence for the need to do so) and to drop as much 
sediment as possible from it (Kadlec and Wallace 2009). From this perspective, the 
bulk and cell water storage tanks acted as a surrogate sedimentation/retention pond. 
Consequently, in order to assess overall system performance prior to intensive 
testing, BOD and SS measurements on samples collected from the system influent 
(prior to bulk storage tank; Chapter 3; Figure 3.2), cell influent (post-cell storage 
tank) and system effluent (CW cell effluent) were undertaken for 6 weeks on a 
weekly basis, with the system operating at a HLR of at 3.75 cm day
−1
. During the 
latter stages of this test, the stormwater pH dropped to around pH 3, possibly as a 
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result of an acid spill in the factory being washed into the stormwater system. 
Despite this, effluent pH remained circumneutral and there were no adverse effects 
on nutrient removal. Overall, the system achieved 83% removal of BOD and 78% 
removal of SS, of which the retention zone, i.e. the storage tanks, removed ~42% of 
the BOD and ~26% of SS prior to the stormwater reaching the beds, presumably via 
sedimentation and/or aerobic degradation processes. 
 
Once the entire system had been tested, the treatment (removal) efficiency was 
assessed by measuring water quality at the inlet and outlet of the beds, initially at a 
HLR of 3.75 cm day
−1
. For the most part, CWs produce effluent at circumneutral pH 
provided influent pH is neither too acid nor too basic (Kadlec and Wallace 2009). In 
this study, the main inlet pH was typically 6.5, the inlet pH range from 7.0 to 7.1 and 
the outlet pH (all beds) range from 7.2 to 7.6. Statistical analyses indicated that the 
unplanted beds (effluent pH 7.6) increased pH to a greater extent than the planted 
beds (effluent pH 7.2; p<0.007 for P. australis and 7.3; p<0.007 for A. donax; Figure 
4.1a). Similar patterns were also observed in the 7.5 cm day
−1
 trial (Figure 4.1b). 
Some of the monitored variables (BOD, SS, TN and TP) were removed more 
efficiently by the planted beds in comparison to unplanted gravel beds. For instance, 
average BOD removal in the planted beds (~68%) was much higher than that of the 
unplanted controls (~2.5%; p<0.007). There was an improvement in BOD removal at 
the higher HLR (7.5 cm day−1) for both planted and unplanted beds (Figure 4.2a). 
Specifically, average BOD removal in the planted beds (~91%) was much higher 
than the unplanted controls (~37%). Similar trends were also obtained for SS (Figure 
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4.2b). There was little difference in treatment performance for TP for planted beds at 
either HLR, but there was a significant difference between planted and unplanted 
CWs, with higher TP removal in the unplanted beds at higher flow (Figure 4.2c). 
Although somewhat unexpected and unusual, this difference may in fact simply be a 
statistical artefact as a result of comparing treatment efficiencies, rather than effluent 
TP concentrations.  
 
Figure 4.1: Comparison of inlet and outlet median pH for P. australis (PA) and A. 
donax (AD) planted CWs and unplanted controls (C) at HLR of (a) 3.75 and (b) 7.5 
cm day
-1
. 
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 For instance, during the 3.75 cm day
−1
 trial average inlet TP (3.7 ± 1.3 mgL
−1
) was 
somewhat higher than during the 7.5 cm day
−1
 trial (2.0 ± 0.6 mg L
−1
), yet at both 
HLRs the average CW effluent TP was the same for both unplanted and planted CWs 
(HLR, 3.75 cm day
−1
 trial effluent TP (mean ± SD): all planted CWs 1.3 ± 0.8 mg 
L
−1
; unplanted CWs, 2.4 ± 1.3 mg L
−1
; HLR, 7.5 cm day
−1
 trial effluent TP: all 
planted CWs 0.9 ± 0.4 mg L
−1
; unplanted, 1.9 ± 0.7 mg L
−1
). There was little change 
in TN removal rates with increasing flow rate (Figure 4.2d).  
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Figure 4.2: Comparison of inlet and outlet median (a) BOD, (b) SS, (c) TP and (d) 
TN concentrations (mg L
−1
) for P. australis (PA) and A. donax (AD) planted CWs 
and unplanted controls (C) at HLR of 3.75 and 7.5 cm day
−1
 (2 and 4 Lh
−1
, 
respectively). 
 
Vymazal and Krőpfelová (2009) note that planted wetlands out-perform unplanted 
controls because the plant rhizosphere provides a source of carbon compounds 
through root exudates, a micro-aerobic environment via root oxygen release, and 
stimulates microbial community density and activity by providing root surface for 
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microbial growth. In this study, the benefits of the presence of macrophytes were 
only partly demonstrated, and, moreover, there were no significant differences in 
nutrient removal efficiency between plant species of comparable life forms and life 
stage. For instance, average BOD removal in the A. donax beds at a HLR of 3.75 cm 
day
−1
 (~83%) was similar to that of the P. australis beds (~85%). Similarly, at the 
higher HLR (7.5 cm day
−1
), BOD removal in the A. donax beds (~80%) was not 
significantly different to that of the P. australis beds (~96%). Again, this is 
consistent with the findings of Brisson and Chazarenc’s (2009) review of paired 
species studies in that, while the majority of studies found differences in treatment 
efficiency between plant species for one or more type of pollutant, it is commonplace 
to find the same pairs of species giving completely opposite results (in terms of 
which one performs best). Despite this, Brisson and Chazarenc (2009) suggest that 
macrophyte species selection matters, i.e. choosing the correct species can positively 
affect treatment performance, and this may be the case when the macrophyte cover in 
the study’s CWs matures. Vymazal and Krőpfelová (2005) suggest that P. australis 
may take up to 3 years before reaching maturity, and while is not clear how long it 
will be for A. donax to mature in a CW context, using a young plant cover may have 
underestimated the real relative treatment efficiencies of these species.  
 
The principle nutrient parameter used to design HSSF CWs is BOD. In this context, 
HLR did not influence treatment efficiency. Although at the higher end of the range 
reviewed by Kadlec (2009), the HLRs investigated in this study were consistent with 
those reported by Vymazal and Krőpfelová (2009) for HSSF wetlands treating 
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agricultural and treated municipal wastewater. Despite being immature, the treatment 
efficiency of the experimental CWs performed as well as other systems treating 
waters of similar BOD (5.9–16 mg L−1; 54–81% removal; Vymazal and Krőpfelová 
2009). In addition to overall treatment efficiency, final effluent water quality is a key 
performance measure that must be considered when assessing CWs. In this case, 
despite significant variation in influent water quality, for the most part the CWs 
produced effluent of a consistent quality. For instance, although the average influent 
BOD to P. australis planted CWs was 11.5 mg L
−1
, maximum concentrations 
reached 53 mg L
−1
, yet these beds consistently discharged effluent with BOD 0.4 ± 
0.2 mg L
−1
. A similar observation was observed with the A. donax planted beds: 
average influent BOD 12.8 mg L
−1
, maximum concentrations reached 53 mg L
−1
, yet 
the A. donax planted cells consistently discharged effluent with BOD 1.2 ± 0.8 mg 
L
−1
. Moreover, final effluent concentrations in the planted beds were in accord with 
background BOD concentrations (1 mg L
−1
) reported by Kadlec (2009) for HSSF 
wetlands treating water with BOD in the range 0–30 mg L−1. 
 
One option for the disposal of the final effluent from CWs is recycling on to land. 
Nutrients, such as nitrogen and phosphorus, are vital for plant health and 
productivity, but applications in excess of requirements can result in transport to 
groundwater and surface water resources through leaching (Lawrie 1996; Dillon et 
al. 1996; Gallegos et al.,1999) or undesirable effects to plants as a result of excessive 
uptake (Robinson 1992). In this case, TN concentrations in the final effluent of our 
experimental CWs were below the nitrogen long-term trigger value (Table 4.1); TP 
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concentrations in the CW final effluent were above the phosphorus long-term trigger 
value but in the range acceptable for short-term applications. The WCB stormwater 
is currently used untreated for watering lawns on the site. The results of this study 
suggest that, with or without further treatment using a CW, careful nutrient 
management will be required if the stormwater is to be recycled to land sustainably. 
Table 4.1: Long and short term trigger values for nitrogen and phosphorus in 
agricultural irrigation water (modified from Stevens 2006) 
 
Element LTV in irrigation water 
(mg /L) 
(a)
 
STV in irrigation water 
(mg/L) 
(b)
 
Nitrogen 5 25 – 125 (d) 
Phosphorus 0.05 
(c)
 0.8 – 12 (d) 
(a) long-term, up to 100 years; (b) short-term, up to 20 years; (c) to minimise 
bioclogging of irrigation equipment only; (d) requires site specific assessment. 
 
The giant reed (A. donax) has some characteristics that make it suitable for use in 
constructed wetlands for wastewater treatment. These include its fast growth rate, 
high water consumption, apparent salt tolerance, ease of propagation from rhizomes, 
limited number of pests and the many potential uses for above-ground biomass 
(Perdue 1958). Some of these traits, e.g. fast growth rate, rhizomial propagation and 
rapid re-growth, make it a potential weed, particularly flood-mediated rhizome 
dispersion leading to invasion of riparian zones. Consequently, although it is not 
listed as a noxious or invasive weed in Victoria and there are no restrictions on 
possession or use, there are legitimate concerns that if there is widespread use of this 
plant in CWs for pollution control it could become another weed in southern 
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Australia. There are, however, good reasons why this is not likely to be the case, 
including the fact that A. donax has been resident in the southern states of Australia, 
including Victoria, for at least 100 years without becoming a rampant weed, and that 
the plant’s reproductive habits, most notably that it does not appear to produce viable 
seed outside south Asia, restricts its ability to spread. 
 
In this study, as expected, the A. donax beds produced considerably more biomass 
(10 ± 1.2 kg wet weight) than the P. australis beds (2.7 ± 1.2 kg wet weight). 
Assuming comparable growth rates during a 250-day (September–April) growing 
season and a single-cut harvest, this equates to approximately 107 and 36 tonnes ha
−1
 
year
−1
 biomass (dry weight) for A. donax and P. australis, respectively. 
Consequently, perhaps the most attractive reason for using A. donax in HSSF CWs 
may be the opportunities for co product uses of its biomass. For instance, the giant 
reed has been evaluated as a non-wood fibre source for pulp mills by Lewis and 
Jackson (2002) who suggests that A. donax was suitable for direct substitution for 
hardwoods in existing kraft mills without major equipment changes. Williams et 
al.,(2006) reported that following clear-felling to 10 cm, when irrigated with 
wastewater a mature stand of A. donax within the first year produced up to five times 
the biomass of Eucalyptus hardwoods in southern Australia. Cosentino et al., (2006) 
and Ververis et al., (2004) suggested A. donax as one of the most promising crops for 
energy production for the southern areas of Europe (and, consequently, by analogy 
for southern Australia). Although the net energy and energy efficiency of biomass 
crops are strictly dependent on crop yield, in a cradle-to-farm gate life cycle 
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assessment of four perennial energy crops grown under dry-land conditions in 
southern Europe, Monti et al., (2009) suggest that the giant reed’s annual net energy 
production (349 GJ ha
−1
 year
−1
) was significantly higher than miscanthus and 
switchgrass (283 and 200 GJ ha
−1
 year
−1
, respectively), and almost five times higher 
than cynara (75 GJ ha
−1
 year
−1
). 
 
In designing constructed wetlands for the amelioration of waste waters, the aim is to 
maximise contact between polluted water column and the bioactive components of 
the wetland, e.g. biofilms and sediments. The efficacy of contact is related to the 
flow path of the water, which in turn is related to the physical dimensions of the 
wetland, and the hydraulic residence time (Kadlec and Knight 1996). For the purpose 
of this work, Eq. 1, first proposed by Kickuth in 1977 (Vymazal 2005), was used for 
sizing a prospective HSSF system designed to treat WCB stormwater: 
 
BOD
eiD
h
k
)lnC-(lnCQ
A     Equation (1) 
where Ah is the surface area of bed (m
2
); QD the average flow (hydraulic loading 
rate; m
3
 day
−1
); Ci the influent BOD5 (mg L
−1
); Ce the effluent BOD5 (mg L
−1
), and 
KBOD is the rate constant (m day
−1). Particular note was taken of Vymazal’s (2005) 
discussion of the rate constant KBOD, i.e. that in theory, the rate constant should be a 
constant and independent of inlet concentration and loading rate. Of course, theory 
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and practice do not always correlate, and thus by knowing flow, CW area and 
nutrient reduction characteristics, and by rearranging Equation 1, we were able to 
calculate KBOD. Values for KBOD of 0.07 and 0.2 m day
−1
 were observed for HLR at 
3.75 and 7.5 cm day
−1
. These values are consistent with the average KBOD values 
reported by Vymazal (2005) for 66 village systems after 2 years of operation (0.118 
± 0.022 m day
−1
). In this study, plant coverage in the CWs were immature, and so, 
although KBOD is expected to increase as the plants mature, our lower KBOD figure 
and HLR was used in the modelling (performed in Excel via rearrangement/use of 
standard equations). By using Kadlec and Knight’s (1996) method, the background 
level for BOD in our model HSSF wetland effluent was also calculated. Target 
effluent BOD concentrations were then modified to try to optimise treatment 
efficiency by raising the target concentrations to above background wetland 
concentrations until the model provided a solution for BOD. In this case, a minimum 
of approximately 0.05 ha of HSSF wetland for 83% reduction of BOD, assuming 
average influent and effluent BOD concentrations of 7.8 and 1.8 mg L
−1
, 
respectively. A number of things can be said about the modelling outcomes. The first 
is that the composition of stormwater differs from one dairy processing plant to 
another, so there is no single universal design for the problem. Second, the modelling 
relied on ‘average’ WCB stormwater BOD data and the assumption that a HSSF 
wetland would be used. In reality, a wetland design would be produced based on-site 
limitations, e.g. amount of available land. This latter may sometimes favour a FWS 
wetland, at others a HSSF wetland, and in other cases a more elaborate FWS design 
with reed covered shallow zones alternating with deep water zones. This latter type 
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of design would provide increased detention time and additional sedimentation and 
oxygenation, leading to improved treatment in a smaller area. Regardless, it would be 
possible to determine a cost effective management approach by on-site visits, 
desktop assessments, e.g. cost-benefit analyses, and later, plant-scale testing, prior to 
construction of a treatment wetland. 
 
4.4. Conclusions 
The two emergent macrophytes, A. donax and P.australis, thrived in experimental 
subsurface flow, gravel-based constructed wetlands receiving untreated stormwater 
collected from the hard-pan and other surfaces of a dairy processing factory in south-
west Victoria, Australia. The HLR was tested at two levels, sequentially, 3.75 and 
7.5 cm day
−1
, for 30 days each. The monitored variables (BOD, TN and TP) were 
removed more efficiently by the planted CWs in comparison to unplanted gravel 
beds (p<0.007), although there was little significant difference in nutrient removal 
between the A. donax- and P. australis-planted CWs. BOD, SS, TN and TP removal 
in the A. donax and P. australis beds at 3.75 cm day
−1
 was 71%, 61%, 78% and 75% 
and 65%, 60%, 73% and 41%, respectively. BOD, SS, TN and TP removal in the A. 
donax and P. australis beds at 7.5 cm day
−1
 was 87%, 91%, 84% and 71% and 96%, 
94%, 87% and 55%, respectively. The A. donax beds produced the equivalent of 107 
tonnes per hectare above-ground biomass (dry weight) per annum (assuming 250 day 
growing season and single-cut harvest). Consequently, the attractiveness of using A. 
donax in constructed wetlands for waste water remediation is not simply to act as just 
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another substrate around which bacteria and fungi can grow but to be a source of 
biomass that can be utilised directly or indirectly for energy production, or as other 
co-products in farming systems that help industry, in this case dairy factories, retain 
community support and their license to operate. 
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CHAPTER 5 
 
5. Performance of two macrophytes species in horizontal sub-surface flow 
wetlands challenged with a milk processing factory treated wastewater effluent 
 
5.1. Introduction 
In all parts of the food and beverage industry concerns are voiced about difficulties 
in dealing with high organic wastes in their wastewater and the pressures to reduce 
discharges to streams, waterways and the environment (Dyer and Allinson, 2007) . 
The dairy processing industry is no exception. Pressure to reduce discharges to meet 
regulatory requirements is driving the search by industry for newer, better and more 
cost-effective ways to treat the wastewater. It is known that treatment wetlands are 
able to treat the organic loading and nutrient content of wastewaters generated by the 
food and beverage industry, often to levels appropriate for land application, although 
constructed wetlands (CWs) are currently not able to remove sodium originating in 
factories and associated anaerobic water treatment plants(Dyer and Allinson, 2007). 
However, the proper functioning of a constructed wetland for water treatment relies 
on the interaction of three components, namely water quality, wetland design and the 
wetland plants. Consequently, finding plants able to tolerate high salts loads could 
facilitate the use of constructed wetlands to ameliorate the organic and nutrients 
loads being discharge by factories.  
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The Warrnambool Cheese and Butter Co. Ltd (WCB) located at Allansford, near 
Warrnambool in south-west Victoria is the oldest dairy processor currently operating 
in Australia. At the Allansford factory, typically, WCB discharges 1200 ML of 
treated wastewater to Wannon water annually, with maximum annual BOD of 46000 
kg/y and SS of 85000 kg/y. As part of a larger study investigating options for 
reducing the volume and impact of factory effluent, the opportunity arose to assess 
the effectiveness of CWs in treating this high salt dairy wastewater on-site. The 
specific objectives of this study were: (i) to compare the performance of Arundo 
donax and Phragmites australis in gravel substrate wetlands, (ii) to compare planted 
and unplanted beds, and (iii) to compare the performance of these species and the 
gravel filter under different salinity treatments. 
 
5.2. Materials and Methods 
Study Site 
The design and set-up of the CWs is described in Section 3.4.1, but in short eight 
horizontal sub-surface flow CWs constructed at the Department of Primary 
Industries (DPI) Queenscliff Centre were transported to WCB where they were set 
up in two parallel rows, four CWs to a row, at the rear of WCB’s treatment plant. 
After being established and then challenged with stormwater (Chapter 4), their 
performance when challenged at three salinities was investigated (this Chapter). 
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Treatment 
Significant time and expense was expended establishing the eight CWs. Moreover, 
during establishment on-site processing changes resulted in an anticipated effluent 
salinity rising from ~ 5000 µS cm
-1
 to a predicted 10,000 µS cm
-1
. Although it was 
hypothesized that the plants would survive exposure to WCB’s effluent, it was 
determined that a gradual acclamation to the effluent was a less risky approach for 
this post-graduate research program (i.e. less risk of killing all the plants before 
adequate data had been collected for candidature completion. In adopting this 
approach, so the experimental program was able to address one of the project aims 
that are to assess the survival and A. donax at a range of salinities. Consequently, it 
was decided to study treatment efficacy and biomass production during short term 
exposure at a range of increasing salinities. Three experiments were undertaken 
(Table 5.1), and plant effluent was diluted with the appropriate amount of stormwater 
into the 5000L storage tank to achieve the desired salinity. This was undertaken on 
an ‘as needs’ basis, i.e. whenever the storage tank was close to empty (typically on a 
fortnightly basis). For narrative simplicity and convenience, these experiments are 
hereafter referred to as the ¼ strength, ½ strength, and full strength trials.  
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Table 5.1:  The salinities of the planned short-term treatment efficiency experiments 
Experiments Flowrate Duration Season 
¼ strength plant effluent 
 
2L/h 14/10/2009 – 
03/12/2009 
(8 weeks) 
 
Late Spring 
½ strength plant effluent  2L/h 30/12/2009 – 
10/03/2010 
(11 weeks) 
 
Summer 
Short term exposure to 
full strength plant 
effluent  
2L/h 07/04/2010 – 
29/07/2010 
(17 weeks) 
Autumn/Winter 
 
 
Data collection and analyses 
 Details on the sampling and analytical procedures can be found in the Chapter 3 
(Section 3.5), but in short included the measurement of main tank, and CW inlet and 
outlet water samples for TN, TAN, NO3-N, NO2-N, TP, BOD5, SS (dry weight) 
following APHA (2005) standard methods for the examination of water and 
wastewater. Total organic carbon (TOC) was determined by measuring total carbon 
(TC) and inorganic carbon (IC) in the unfiltered samples and then subtracting the IC 
from the TC. Water samples were also screened for a range of trace metals, including 
Al, B, Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn. Bacterial measures of water quality 
included TPC, Total coliform and E. coli. Chlorophyll a, chlorophyll b, and total 
chlorophyll concentrations in plant tissues were also determined.  
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Details of the statistical treatment of data are also to be found in the Chapter 3 
(Section 3.6), but in short included assessing CW treatment (removal) efficiencies 
given by [(influent concentration - effluent concentration)/influent concentration] × 
100 for each of the monitored variables. Due to small sample size and non-normal 
sampling distributions, statistically significant differences between all groups were 
assessed using the non-parametric statistical tests. 
 
5.3. Results and Discussion 
In the following section, the results of each trial will be presented and discussed 
independently, and, for the most part, with comparisons between trials provided 
(where appropriate) only when discussing the full strength trial. 
 
Treatment of the ¼ strength WCB effluent (EC ~2500 µS cm
-1
) 
This experiment was conducted over 8 weeks from October 14 to December 3, 2009 
i.e. in the late spring. In order to assess overall system performance prior to intensive 
testing, water quality measurements on samples collected from the system influent 
(prior to bulk storage tank; Chapter 3, Figure 3.4), cell influent (post-cell storage 
tank) and system effluent (CW cell effluent) were undertaken for eight weeks on a 
weekly basis, with the system operating at a HLR of 3.75 cm day
-1
.  
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The ¼ strength trialCW inlet pH was typically only slightly alkaline (~ pH 7.7 – 7.9), 
with outlet pH (all CWs) in the range pH 7.4 – 7.9 (Table 5.2), with the outlet pH in 
the unplanted beds (average effluent pH 7.9) marginally higher than the planted beds 
(average effluent pH 7.4 for A. donax and for P. australis; Figure 5.1a).The latter is 
broadly consistent with Kadlec and Knight (1996) who note that for the most part, 
HSSF wetlands are circumneutral for wetlands. The electrical conductivity (EC) of 
the CW effluent was lower for unplanted CWs, but unchanged for planted CWs 
(Table 5.2). The decrease in EC for unplanted CW effluent (~2200 µS cm
-1
; Figure 
5.1b) may be attributed to algal photosynthesis processes in the unplanted CWs 
(Vymazal and Krőpfelová, 2008).   
 
During the ¼ strength trial, the average removal efficiency of BOD in the planted 
beds (84%) was significantly higher than that of unplanted controls (53%; p< 0.007; 
Table 5.2). This is consistent with Tanner et al., (1995), where planted wetlands 
showed greater removal of BOD from dairy farm wastewater than unplanted 
wetlands. Also, Mantovi et al.,(2002, 2003), in reporting the use of P. australis to 
treat dairy parlour effluent and domestic sewage in an isolated mountain area in the 
province of Reggio Emilia, Italy, noted that BOD removal rates were 93.7%, with the 
authors pointing out that this technology is an appropriate treatment to reduce 
pollutants in wastewater from rural activities to values acceptable for discharge into 
surface waters. 
 
118 
 
Table 5.2:  ¼ strength  trial: summary of CW treatment performance EC ~2500 µS cm
-1
 at HLR, 3.75 cm day
-1
 (median ± 25
th
 - 75
th
 percentiles, the 
interquartile range limiting values) for selected monitored physical – chemical parameters and pathogens 
Analyte Treatment; n=number of samples for each parameters 
2500 EC 
Main inlet A.donax P. australis unplanted 
Inlet Outlet RE Inlet Outlet RE Inlet Outlet RE 
pH 7.7 (7.7 – 7.9) n=16 7.8 (7.7 – 7.9) n=24 7.4 (7.2 – 7.5) n=24  7.9 (7.8 – 7.9) n=24 7.4 (7.3 – 7.6) n=24  7.9 (7.8 – 7.9) n=16 7.9 (7.8 – 7.9) n=16  
EC 2531 (2521 - 2569) n=16 
n=16 
2547 (2529 - 2570) n=24 
n=24 
2460 (2399 - 2656) n=24 
n=24 
 2559 (2530 - 2577)n=24 2551 (2436 - 2895) n=24 
n=24 
 2560 (2542 - 2571) n=24  2257 (2198 - 2403) n=24  
Hardness 105 (99 - 122 ) n=8 108 (105 - 115) n=12 287 (220 - 303) n=12  108 (105 - 112) n=12 304 (268 - 317) n=12  106 (102 - 126) n=8 167 (138 - 194) n=8  
mgL-1 
BOD 18.5 (15.3 – 20.8) n=16  18.2 (15.8 – 21.4) n=24 4.8 (3.1 – 6.4) n=24 74 17.9 (16.0 – 20.5) n=24 1.3 (0.7 – 1.8) n=24 93 18.5 (16.0 – 20.6) n=16 8.7 (4.4 – 9.7) n=16 53 
TOC 8.1 (7.1 - 8.8 ) n=16 5.0 (4.8 - 5.5) n=24 1.8 (0.8 - 2.8) n=24 64 5.4 (4.9 - 6.3 ) n=24 1.0 (0.4 - 1.9 ) n=24 81 5.0 (4.3 - 5.6 ) n=16 2.1 (1.7 - 2.8 ) n=16 58 
SS 18 (9 – 25) n=16 13 (7.0 – 18) n=24 23 (13 – 30) n=24 -74 11 (5.0 – 17) n=24 2 (1 – 6) n=24 79 12 (5 – 17) n=16 1.0 (0 – 10) n=16 94 
TP 29.4 (23.4 – 31.6) n=16 27.7 ( 24.2 – 30.1) n=24 5.1 (3.7 – 6.2) n=24 82 27.2 (23.4 – 29.2) n=24 5.6 (5.0 – 6.2) n=24 79 27.8 (24.7 – 29.2) n=16 10.4 (8.9 – 11.2) n=16 63 
TN 28.0 (27.0 - 29.0) n=16 28.0 (27.0 - 29.0) n=24 1.1 (0.9 - 2.1) n=24 96 27.5 (26.0 - 29.0) n=24 0.9 (0.8 - 2.5) n=24 97 28 (26.0 - 29.0) n=16 11.9 (6.4 - 17.0) n=16 58 
TAN 25.9 (24.9 – 27.3) n=16 26.1 (24.8 – 28.0) n=24 0.12 (0.05 – 0.15) n=24 99.5 25.6 (24.2 – 26.8) n=24 0.04 (0.01 – 1.39) n=24 99.8 26.3 (24.8 – 27.7) n=16 9.5 (6.7 – 11.4) n=16 64 
Major Anions mgL
-1 
NO3
- 0.01 (0.00 - 0.14) n=8 0.08 (0.04 - 0.20) n=12 0.03 (0.02 - 0.07) n=12 63 0.02 (0.01 - 0.15) n=12 0.06 (0.02 - 0.17) n=12 -200 0.05 (0.02 - 0.16 ) n=8 20.78 (9.18 - 41.60) n=8 -41460 
NO2
- 0.03 (0.00 - 2.13 ) n=8 3.01 (0.98 - 3.98) n=12 0.01 (0.00 - 0.11 ) n=12 100 1.94 (0.01 - 4.75 ) n=12 0.00 (0.00 - 0.03 ) n=12 100 1.96 (0.00 -  5.56) n=8 2.53 (1.18 - 19.54) n=8 -29 
PO4
3- 42.2 (38.8 - 44.4) 
n=8 43.4 (40.7 - 49.7) n=12 3.2 (1.5 - 6.9) n=12 93 43.0 (39.5 - 49.4) 
n=12 2.6 (1.6 - 4.3) n=12 94 44.4 (35.5 - 46.5) 
n=8 13.6 (7.0 - 14.6) n=8 70 
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Table 5.2:  Continued 
Analyte Treatment 
2500 EC 
Main inlet A.donax P. australis unplanted 
Inlet Outlet RE Inlet Outlet RE Inlet Outlet RE 
 
SO4
2- 6.1 (5.3 - 8.2 ) 
n=8 6.9 (6.2 - 11.6) n=12 0.5 (0.3 - 3.0) n=12 92 6.5 (6.0 - 7.9) 
n=12 0.6 (0.2 - 1.4) n=12 91 6.4 (4.7 – 9.0) 
n=8 9.6 (5.6 - 13.8) n=8 -51 
Br- 9.3 (7.5 - 12.1 ) 
n=8 7.4 (5.4 - 11.7 ) n=12 9.0 (5.4 - 11.9) n=12  -22 7.9 (5.3 - 10.5) n=12 8.2 (6.4 - 10.8 ) n=12 -4 7.1 (5.0 - 10.3 ) n=8 5.5 (4.7 - 7.0) n=8 23 
Cl- 509 (493 -  517) n=8  518 (499 -532) n=12 565 (511 - 659) n=12 -9 514 (502 - 527) n=12 652 (550 -754) n=12 -27 523 (514 - 541) n=8 515 (510 -  516) n=8 1 
F- 0.04 (0.03 - 0.05) n=8 0.05 (0.04 -  0.06) n=12 0.07 (0.05 - 0.08) n=12 -40 0.05 (0.04 -0.06) n=12 0.05 (0.04 - 0.06) n=12 0 0.05 (0.03 - 0.06) n=8 0.08 (0.05 - 0.09) n=8 -60 
Major cations mgL
-1 
Ca 25.9 (25.1 - 26.7) n=8 26.1 (25.5 - 27.5) n=12 45.0 (38.8 - 47.9) n=12 -72 26.5 (25.6 - 26.7) n=12 51.2 (47.7 - 54.5) n=12 -93 26.2 (25.2 - 28.9) n=8 34.4 (28.0 - 38.5) n=8 -31 
K 87.4 (83.5 - 90.9) n=8  87.5 (85.6 - 89.9) n=12 42.0 (29.8 - 47.5) n=12 52 87.3 (84.2 - 88.7) n=12 36.3 (33.0 - 39.7) n=12 58 84.9 (73.0 - 85.9) n=8 39.4 (38.7 - 41.7) n=8 54 
Mg 9.5 (8.9 - 13.2) n=8 10.5 (10.1 - 11.2) n=12 39.4 (29.7 - 45.7) n=12 -276 10.1 (9.9 - 11.5) n=12 40.7 (36.7 - 43.6) n=12 -305 10.2 (9.8 – 14.0) n=8 19.4 (16.5 - 24.5) n=8 -91 
Na 399 (390 - 402) n=8  403 (395 - 414) n=12 404 (388 - 450) n=12 -0.2 408 (393 - 411) n=12 456 (406 - 525) n=12 -12 403 (394 - 415) n=8 355 (342 - 373) n=8 12 
SAR 21.47 21.17 10.28  21.37 10.51  21.22 12.27  
Trace elements mgL
-1 
Al 0.07 (0.05 -0.07) n=8  0.02 (0.01 - 0.03)
 n=12 0.00 (0.00 - 0.00) n=12 100 0.02 (0.01 - 0.02)
 n=12 0.00 (-0.01 - 0.00) n=12 100 0.01 (0.00 - 0.02) n=8 0.00 (0.00 - 0.00) n=8 100 
B 0.04 (0.04 - 0.04) n=8  0.04 (0.03 - 0.04) n=12 0.04 (0.03 – 0.04) n=12 0 0.04 (0.03 - 0.04) n=12 0.03 (0.03 - 0.04) n=12 25 0.03 (0.03 - 0.04) n=8 0.04 (0.04 - 0.04) n=8 -33 
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Table 5.2:  Continued 
Analyte Treatment 
2500 EC 
Main inlet A.donax P. australis unplanted 
Inlet Outlet RE Inlet Outlet RE Inlet Outlet RE 
Cu 0.01 (0.01 - 0.01) n=8  0.01 (0.01 - 0.01) n=12 0.00 (0.00 - 0.01) n=12 100 0.01 (0.01 - 0.01) n=12 0.00 (0.00 - 0.00) n=12 100 0.01 (0.01- 0.01) n=8 0.01 (0.00 - 0.01) n=8 0 
Fe 0.31 (0.22 - 0.40) n=8 0.17 (0.14 - 0.21) n=12 0.14 (0.11 - 0.23) n=12 17.65 0.15 (0.13 - 0.19) n=12 0.09 (0.05 - 0.10) n=12 40 0.14 (0.11 - 0.15) n=8 0.05 (0.04 - 0.06) n=8 64 
Mn 0.06 (0.05 - 0.07) n=8  0.05 (0.04 - 0.06) n=12 3.38 (1.26 - 4.53) n=12 -6660 0.05 (0.03 - 0.06) n=12 5.49 (4.93 - 5.96) n=12 -10880 0.05 (0.03 - 0.83) n=8 1.42 (1.17 - 1.80) n=8 -2740 
Zn 0.18 (0.15 - 0.23) n=8  0.13 (0.11 - 0.15) n=12 0.00 (0.00 - 0.02) n=12 100 0.11 (0.10 - 0.14) n=12 0.02 (0.10 - 0.14) n=12 82 0.10 (0.07 - 0.12) n=8 0.10 (0.06 - 0.12) n=8 0 
S 3.4 (3.2 - 3.6) n=8  3.5 (3.3 - 3.6) n=12 0.6 (0.6 - 1.6) n=12 82 3.4 (3.2 - 3.6) n=12 0.7 (0.6 - 0.9) n=12 78 3.3 (2.6 - 3.5) n=8 4.1 (2.8 - 5.5) n=8 -24 
Microbiology Log10 (cfu 100 mL
-1) 
TPC 6.82 (6.56 – 7.00)n=12 6.81 (6.56 – 7.00)n=18 5.89 (5.56 - 5.94) n=18 0.92 6.81 (6.56 – 7.00) n=18  5.76 (5.64 – 5.85) n=18 1.05 6.81 (6.56 – 7.00) n=12 6.46 (6.40 - 6.59) n=12 0.35 
Total 
coliform 
5.29 (5.18 – 5.55)n=12 5.22 (5.18 – 5.63) n=18 4.24 (4.12 - 4.30) n=18 0.98 5.22 (5.18 – 5.39) n=18 4.11 (3.94 - 4.18) n=18 1.11 5.24 (5.18 – 5.64) n=12 4.65 (3.46 – 4.83) n=12 0.59 
E.coli 3.32 (3.18 – 4.29)n=12 3.19 (3.18 – 4.05) n=18 2.87 (2.86 – 3.10) n=18 0.32 3.32 (3.18 – 4.27) n=18 0 n=18 3.32 3.32 (3.18 – 4.31) n=12 3.16 (3.04 – 3.23) n=12 0.16 
Note: Negative RE values represent increase outlet compared to inlet: 
121 
 
 
 
Figure 5.1: ¼ strength trial: Box and whisker plots of (a) pH and (b) EC (µS cm
-1
) in 
the inlet and outlet of constructed wetlands of planted beds (AD; Arundo donax, PA; 
Phragmites australis) and unplanted control beds (C). Stars next to the values signify 
unusually large or small values, with respect to the others in the group. 
 
There were significant differences in BOD removal efficiency between CWs by plant 
species. For example, average BOD removal in the A. donax beds (74%) was lower 
than P. australis CWs (93%; p< 0.007; Figure 5.2a). Recognising Brisson and 
Chazarenc (2009) comment that in some instances the same pairs of species can give 
completely opposite results (in terms of which one performs best), this is consistent 
with the findings of Brisson & Chazarenc’s (2009) review of paired species studies 
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in that the majority of studies find differences in treatment efficiency between plant 
species for one or more type of pollutant and that macrophyte species selection 
matters, i.e. choosing the correct species can positively affect treatment performance. 
This may be more evident when the plant cover in the study’s CWs matures.  
 
Vymazal and Krőpfelová (2005) suggest that P. australis may take up to 3 years 
before reaching maturity, and while is not clear how long it will be for A. donax to 
mature in a CW context, using a young plant cover (< 2 years old) may have 
underestimated the real relative treatment efficiencies of these species. Although at 
the higher end of the range reviewed by Kadlec (2009), the HLR utilised in this study 
(in both this ¼ strength study, and the following ½ and full strength studies) was 
consistent with those reported by Vymazal and Krőpfelová (2009) for HSSF 
wetlands treating agricultural and treated municipal wastewater. Despite being 
immature, the experimental CWs performed as well as mature systems treating 
waters of similar BOD (5.9-16 mgL
-1
; 54-81% removal; Vymazal and Krőpfelová, 
2009). In addition to overall treatment efficiency, final effluent water quality is a key 
performance measure that must be considered when assessing CWs. In the ¼ 
strength trial, despite some variation in influent water quality, for the most part the 
CWs produced effluent of a consistent quality. For instance, although the average 
influent BOD to P. australis planted CWs was 17.9 mgL
-1
, and maximum 
concentrations reached 20.5 mgL
-1
, these beds consistently discharged effluent with 
BOD ~1.3 mgL
-1
 (Table 5.2). A similar pattern was observed with the A. donax 
planted beds: average influent BOD 18.20 mgL
-1
, maximum concentrations reached 
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21.35 mgL
-1
, yet the A. donax planted cells consistently discharged effluent with 
BOD ~4.8 mgL
-1
 (Table 5.2)  
 
It is interesting to note that for SS the unplanted beds outperformed the planted beds 
with average removal efficiency of 94% for unplanted beds and ~5% for planted 
beds (A. donax -74%, P. australis 79%; Figure 5.2b). However, SS removal in the A. 
donax planted beds, and to an extent the P. australis planted CWs, may have been 
underestimated since the effluent from planted beds, especially from the A. donax 
CWs, contained an unknown milky-brownish material that interfered with the 
analyses of SS. Solids removal in wetland was accompanied by considerable 
reductions in BOD and TAN, suggesting that solids stabilization and mineralization 
took place in the wetlands (Lin et al., 2005).  
 
In the ¼ strength study, TP removal were removed more efficiently by the planted 
beds in comparison to unplanted gravel beds (A. donax, 82%; P. australis, 79%; 
unplanted beds, 63%; Table 5.2; Figure 5.2c). Total phosphorus removal in wetlands 
involves (a) physical and chemical adsorption; (b) precipitation; (c) plant uptake; and 
(4) sedimentation and biological forces influencing the different TP components 
(Richardson and Craft, 1993; Kadlec and Knight, 1996). It is understood that 
phosphorus is removed through short-term and long-term storage. According to 
Richardson and Craft (1993) and (Kadlec and Knight (1996) adsorption, precipitation 
and plant uptake are generally considered to be finite, short-term retention 
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mechanism. Uptake by bacteria, algae and macrophytes provides an initial removal 
mechanism (Kadlec, 1997). However, this is only a short-term P storage as 35-75% 
of P stored is eventually released back in the water upon dieback of algae and 
microbes (Healy et al., 2007, White et al., 2000; Richardson and Craft, 1993).  Build 
up of sediments, which buries and removes phosphorus from contact with the water 
column, is considered to be the only major long-term sink in treatment wetlands. Lin 
et al., (2002) suggest that SSF wetlands show efficient phosphate removal as soon as 
the wetlands began to receive flow, even when the vegetation is sparse. The authors 
implies that gravel adsorption determined the initial efficient phosphate removal, 
however, the ability of adsorption may decrease with time as sorption sites on the 
gravel become saturated. The data from this study also suggests that the stable 
performance for pollutant removal may be achieved without complete vegetation 
being established. 
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Figure 5.2: ¼ strength trial:Box and whisker plots of (a) BOD, (b) SS and (c) TP 
concentrations (mgL
-1
) in the inlet and outlet of constructed wetlands of planted beds 
(AD; Arundo donax, PA; Phragmites australis) and unplanted control beds (C). Stars 
next to the values signify unusually large or small values, with respect to the others 
in the group. 
 
There were some differences in total nitrogen (TN) outlet concentrations between the 
planted beds and unplanted beds in the ¼ strength trial (Table 5.2). The TN removal 
efficiency in the planted beds (P.australis, 97%; A.donax, 96%) was significantly 
higher (p<0.007) than unplanted beds (43%; Figure 5.3a). It is known that nitrogen 
assimilation involves a variety of biological processes that convert inorganic nitrogen 
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form into organic compounds that serve as building blocks for cells and tissue 
(Kadlec and Knight, 1996)and in this case, plant growth is not the only potential 
biological assimilation process; microorganisms and algae (the unplanted control 
beds have algae growing on top of the inlet gravel) also utilize nitrogen. Vymazal 
and Krőpfelová (2009) also suggest that planted wetlands out-perform unplanted 
controls in nitrogen removal because the plant rhizosphere provides a source of 
carbon compounds through root exudates, a micro-aerobic environment via root 
oxygen release, and stimulates microbial community density and activity by 
providing root surface for microbial growth.  
 
The high TAN treatment rate suggests nearly complete transformation of TAN into 
nitrite and nitrate, i.e. a high nitrification rate in the wetland (Sindilariu et al., 2008) 
and the significant pH decreases, typically observed in wetlands when ammonia is 
used as the nitrogen source for nitrification (Hagopian and Riley, 1998; 
Tchobanoglous, 2003; Eding et al., 2006; Sindilariu et al., 2008) were also observed 
except for the unplanted beds. It has been reported that the roots of emergent plants 
are capable of aerating the surrounding sediments, affecting an oxygenating zone in 
which nitrification takes place (Vymazal and Krőpfelová, 2009). There was 63% 
removal of nitrate in the A. donax CWs, with increased nitrate concentrations in P. 
australis and unplanted CW effluents (Figure 5.3b). This is consistent with Lin et al. 
(2005) and Shultz et al., (2003), and may have been due to lack of organic substrate 
required for denitrification.  
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Currently the WCB treated effluent is disposed to Wannon Water’s treatment plant. 
One option for the disposal of the final effluents is recycling on to land. With respect 
to this, in the ¼ strength trial for some nutrient parameters some of the CWs (except 
A. donax CWs) effectively converted the WCB effluent into Class ‘A’ recycled water 
(e.g. < 10 mgL
-1
 BOD, < 5 mgL
-1
 SS; EPA, 1991), which may make the effluent 
suitable for horticultural use. Nutrients, such as nitrogen and phosphorus, are vital for 
plant health and productivity, but applications in excess of requirements can result in 
transport to groundwater and surface water resources through leaching(Lawrie, 1996; 
Dillon et al, 1996; Gallegos et al., 1999), or undesirable effects on plants as a result 
of excessive uptake (Robinson, 1992). In this case, TN concentrations in the final 
effluent were below the nitrogen long-term trigger value (Table 5.3); TP 
concentrations in the final effluent were above the phosphorus long-term trigger 
value, but in the range acceptable for short-term applications. Salinity and sodicity 
management is critical for all irrigation schemes, including those using recycled 
water. Defining appropriate criteria for the salinity and sodicity of irrigation water 
depends on a number of factors, including water quality, soil properties, plant salt 
tolerance, climate, landscape and irrigation management practices. Application of 
saline effluent containing high concentrations of exchangeable sodium can 
potentially cause elevated sodium concentrations on the soil exchange complex and 
soil sodicity. Typically, Australian soils show increasing exchangeable sodium with 
depth in profiles, coupled with increasing EC that suppress dispersion potential 
(Rengasamy and Churchman, 1999).  The measurement of SAR (sodium adsorption 
ratio) which expresses the sodium content in relation to the concentration of other 
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cations with an upper limit of 8-10 is typically prescribed for wastewaters to be 
applied to land (ANZECC and ARMCANZ, 2000). It is clear that the ¼ strength 
WCB effluent had a high concentration of Na
+
 relative to other cations, with an 
average sodium adsorption ration (SAR) of ~21.5, decreasing following CW 
treatment in the planted beds, e.g. A. donax 10.3, P. australis 10.5 (Table 5.2). 
Moreover, because the CW effluent’s EC (~2.5 mS cm-1) is close to the minimum 
required to maintain a stable soil structure at this SAR, soil deterioration is possible 
(ANZECC and ARMCANZ, 2000). If recycled on to land, the moderately saline 
effluent discharged from the CWs must be applied to salt tolerant crops with an 
adequate leaching fraction that does not result in significant contamination of 
groundwater but ensures the root zone remains aerated and prevents salt 
accumulation.  
 
Table 5.3. Long and short term trigger values for nitrogen and phosphorus in 
agricultural irrigation water (modified from Stevens 2006) 
Element LTV in irrigation water 
(mg /L) 
(a)
 
STV in irrigation water 
(mg/L) 
(b)
 
Nitrogen 5 25 – 125 (d) 
Phosphorus 0.05 
(c)
 0.8 – 12 (d) 
(a) long-term, up to 100 years; (b) short-term, up to 20 years; (c) to minimise 
bioclogging of irrigation equipment only; (d) requires site specific assessment. 
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Figure 5.3: ¼ strength trial:Box and whisker plots of (a) TN and (b) TAN 
concentrations (mgL
-1
) in the inlet and outlet of constructed wetlands of planted beds 
(AD; Arundo donax, PA; Phragmites australis) and unplanted control beds (C). Stars 
next to the values signify unusually large or small values, with respect to the others 
in the group. 
 
The anions monitored (Table 5.2) clearly indicate that the planted beds outperform 
the unplanted control beds. Meaning, the planted beds were more efficient at 
removing NO3
-
, NO2
-
 and PO4
3-
 compared to unplanted control beds. This can be 
explained by where the water in the planted beds CWS is more exposed to the media 
and the reed roots where the plant uptake plays a major role in NO3 removal. Similar 
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to nitrate removal, the PO4
3-
for the planted beds perform better removal than 
unplanted control beds. This is attributed to the increased potential for contact 
between the water and the media–root plant matrix in the CWs which leads to higher 
chemical oxidation due to the presence of iron and aluminium oxides within the 
minerals of the media. It is known that orthophosphate is believed to be mainly 
removed by chemical oxidation of phosphate. However, CW plant uptake also plays 
an important role in the reduction of PO4
3-
. However, chloride and fluoride 
concentration seems to be increased for both the planted and unplanted control beds, 
this may be due to the fact that the removal of chloride ions in wetland systems is 
believed to occur rapidly through chemical precipitation (USEPA, 1993). 
 
Microbial pollution removal may occur via physical, chemical and biological means 
(Pundsack et al., 2001; Vymazal, 2005), including filtration and adsorption (Stevik et 
al., 2004), chemical oxidation, predation by nematodes and protists, activity of lytic 
bacteria or viruses, retention in biofilms and natural die-off (Seidel, 1976; Gersberz 
et al., 1989 a,b; Hatano et al., 1993; Brix, 1997; Decamp and Warren, 1998; Decamp 
et al., 1999), and the release of antimicrobial compounds from the roots of wetland 
plants. In this context, in the ¼ strength study, using log10 reduction in pathogen 
numbers (R) as a measure of treatment efficiency, the average TPC removal 
efficiencies for the planted beds were higher than those of the unplanted beds (0.99 
and 0.35), respectively; Table 5.2). Specifically, TPC removal was 0.92 for A. donax 
and 1.05 for P. australis-planted CWs (Figure 5.4a). Total coliform removal was 
0.98 for A. donax and 1.11 for P. australis planted beds, and 0.59 for the unplanted 
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beds (Figure 5.4b). Escherichia coli (E. coli) removal was 0.32 for A. donax and 0.1 
for unplanted beds and 3.32 for P. australis CWs (Figure 5.4c).The presence of 
macrophytes in the HSSF CWs made a significant difference to bacterial removal 
efficiency in this ¼ strength study. Perhaps the presence of plants in CW enhances 
microbial diversity and activity and, additionally, the plant species root morphology 
and development seems to be a key factor influencing microbial plant interaction 
(Gagnon et al., 2007). The data for E. coli, however, is consistent with studies 
conducted by Decamp and Warren (2000), who found no significant differences in 
removal of E. coli in planted and unplanted CWs using gravel as a planting substrate. 
In Victoria, the concentration of E. coli in recycled water is the specified and 
strongly preferred microbiological indicator, i.e. recycled waters are primarily 
classified according to E. coli levels (EPA, 1991). In this case, from a 
microbiological perspective, the A. donax planted CWs beds and unplanted beds 
effectively converted ¼ strength effluent classifiable as Class ‘D’ recycled water (E. 
coli<10000 cfu 100 mL
-1
; suitable only for non-food crops including used for 
growing  instant turf, woodlots and flowers) into Class ‘C’ recycled water (E. coli< 
1000 cfu 100 mL
-1
; suitable only for use on human food crops that will be cooked 
prior to consumption or grazing/fodder crops; EPA 1991). The P. australis planted 
CWs effectively converted the ¼ strength effluent into Class ‘A’ recycled water (E. 
coli< 10 cfu 100 mL
-1
; suitable for use on human food crops eaten raw). 
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Figure 5.4: ¼ strength trial:Box and whisker plots of (a) TPC, (b) Total coliform, and 
(c) E. coli concentrations (Log10 (cfu 100mL
-1
)) in the inlet and outlet of constructed 
wetlands of planted beds (AD; Arundo donax, PA; Phragmites australis) and 
unplanted control beds (C). Stars next to the values signify unusually large or small 
values, with respect to the others in the group. 
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The effect of the salt content of the ¼ strength WCB wastewater on the development 
of  A. donax and P. australis was assessed by visually monitoring plant tissues, and 
measuring the concentration of chlorophyll a, chlorophyll b and total chlorophyll 
(chlorophyll a + chlorophyll b). Arundo donax chlorophyll a concentrations were 
stable to week 5 (101 – 116 µg cm-2) but dropped significantly thereafter (week 7 to 
9, 84 µg cm
-2
). Even though there were significant changes observed in chlorophyll a 
concentrations in P. australis tissues (100 – 60 µg cm-2; Figure 5.5 (a) and (b)), there 
were no obvious signs of salinity stress in leaf tissues and no significant changes 
were observed in chlorophyll a : b ratio (Figure 5.6a,b), suggesting that there was no 
short-term toxic impact on the plants (Manios et al., 2003;Ewais, 1997; Gadallah, 
1994). 
 
 
(a) 
C
h
lo
ro
p
h
y
ll
 (
u
g
 c
m
-2
) 
 
134 
 
 
Figure 5.5: ¼ strength trial:Box and whisker plots of changes in the concentration of 
total chlorophyll, chlorophyll a, and chlorophyll b for (a) Arundo donax and (b) 
Phragmites australis (µg cm
-2
). Stars next to the values signify unusually large or 
small values, with respect to the others in the group. 
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Figure 5.6: ¼ strength trial: Box and whisker plots of ratios of chlorophyll a to 
chlorophyll b for (a) Arundo donax and (b) Phragmites australis (µg cm
-2
). Stars 
next to the values signify unusually large or small values, with respect to the others 
in the group. 
 
In this ¼ strength study, as expected, the A. donax beds produced considerably more 
above ground biomass (6.3 ± 1.3 kg wet weight) than the P. australis beds (6.1 ± 0.8 
kg wet weight). Assuming comparable growth during a 250 day growing season, and 
a single-cut harvest, this equates to approximately 102 and 130 tonne ha
-1
 yr
-1
 
biomass (dry weight) for A. donax and P. australis, respectively.  
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outlet pH (all CWs) ranged from 7.4 to 8.0 (Table 5.4). The unplanted beds (effluent 
pH 8.0) increased pH to a greater extent than the planted beds (effluent pH 7.6; 
p<0.007 for P. australis and 7.4; p<0.007 for A.donax; Table 5.4, Figure 5.7a,). The 
electrical conductivity (EC) of the CW effluent was reduced for unplanted CWs, but 
slightly elevated for planted CWs (Table 5.4). The increase in EC was most notable 
in the P. australis planted CW effluent (~ 6040 µS cm
-1
; Figure 5.7b). This increase 
of EC is attributed to evapotranspiration processes in the planted CWs, including 
water transpired during plant growth or retained in the plant tissue, plus the moisture 
evaporated from the soil and vegetation, and which are presumed to be higher in this 
½ strength trial compared to the ¼ strength study because of the warmer summer 
temperatures during the study period. 
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Table 5.4:  ½ strength trial: summary of CW treatment performance EC~5000 µS cm
-1
 at HLR, 3.75 cm day
-1
 (median ± 25
th
 - 75
th
 percentiles, the interquartile 
range limiting values) for selected monitored physical – chemical parameters and pathogens 
Analyte TT Treatment; ;;n=number of samples for each parameters 
5000 EC 
Main inlet A.donax P. australis unplanted 
Inlet Outlet RE Inlet Outlet RE Inlet Outlet RE 
pH 7.3 (7.2 – 7.5)
n=12 7.5 (7.4 – 7.6)n=18 7.4 (7.3 – 7.6) n=18  7.6 (7.4 – 7.6) n=18 7.6 (7.4 – 7.6) n=18  7.7 (7.6 – 7.8) n=12 8.0 (7.9 – 8.1) n=12  
EC 5130 (5067 – 5300)
 n=12 5148 (5072 – 5267) n=18 5260 (5192 – 5685) n=18  5090 (5070 – 5257) n=18 6040 (5027 - 6197) n=18  5085 (5045 - 5302) n=12 4315 (4015 - 4622) n=12  
Hardness 106 (97 – 108)
 n=12 99 (94 – 109) n=18 216 (198 – 257) n=18  97 (93 – 99) n=18 240 (214 – 255) n=18  102 (98 – 107) n=12 185 (142 – 206) n=12  
mgL-1 
BOD 14.7 (11.8 - 17.1)
 n=12 17.1 (12.5 - 17.87) n=18 4.9 (3.9 - 6.6) n=18 71 16.6 (12.3 - 17.9) n=18 1.4 (0.5 - 1.7) n=18 92 17.87 (16.6 - 19.2) n=12 3.34 (2.0 - 3.6) n=12 81 
TOC 6.8 (4.1 - 12.5)
 n=12 7.3 (5.1 - 9.0) n=18 6.0 (3.6 - 6.5) n=18 18 6.6 (3.5 - 9.6) n=18 5.2 (3.0 - 7.1) n=18 21 4.1 (3.5 - 8.8) n=12 4.8 (3.8 - 7.6) n=12 -19 
SS 22 (14 – 42)
 n=12 19 (13 – 36) n=18 10 (13 – 30) n=18 49 16 (12 – 41) n=18 5 (1 – 13) n=18 71 15 (12 – 30) n=12 2 (1 – 6) n=12 85 
TP 13.8 (11.0 - 32.8)
 n=12 20.5 (11.3 - 28.2) n=18 10.0 (8.3 - 10.4) n=18 51 15.3 (10.2 - 27.6) n=18 8.8 (3.8 - 11.6) n=18 42 16.3 (10.8 - 25.7) n=12 9.4 (7.6 – 11.0) n=12 43 
TN 40.5 (25.0 - 70.0)
 n=12 35.0 (21.3 - 48.8) n=18 7.8 (4.0 - 9.6) n=18 78 37.5 (24.3 - 43.8) n=18 1.9 (1.6 - 3.3) n=18 95 36.0 (25.0 - 49.5) n=12 17.0 (16.8 - 20.0) n=12 53 
TAN 28.5 (21.0 - 64.2)
 n=12 32.8 (17.1 - 47.9) n=18 3.5 (2.7 - 4.5) n=18 89 31.4 (18.9 - 39.9) n=18 0.2 (0.04 - 0.49) n=18 99.5 30.1 (18.0 - 48.1) n=12 8.9 (7.1 - 13.6) n=12 70 
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Table 5.4:  Continued 
Analyte Treatment 
5000 EC 
Main inlet A.donax P. australis unplanted 
Inlet Outlet RE Inlet Outlet RE Inlet Outlet RE 
Major Anions mgL
-1 
NO3
- 0.00 (0.00 - 0.00)
 n=12 0.00 (0.00 - 0.09) n=18 0.03 (0.00 - 0.06) n=18 -2 0.01 (0.00 - 0.04) n=18 0.33 (0.04 - 2.24) n=18 -3200 0.02 (0.01 - 0.95) n=12 23.6 (20.5 - 56.1) n=12 -118100 
NO2
- 0.00 (0.00 - 0.00)
 n=12 0.10 (0.00 - 1.06) n=18 0.00 (0.00 - 0.00) n=18 100 0.25 (0.04 - 1.77) n=18 0.00 (0.00 - 0.01) n=18 100 1.06 (0.12 - 2.58) n=12 1.72 (0.07 - 3.34) n=12 -62 
PO4
3- 39.0 (30.6 - 43.7)
 n=12 34.2 (28.4 - 42.7) n=18 5.5 (2.8 - 15.3) n=18 84 33.3 (24.5 - 40.3) n=18 3.9 (2.7 - 10.3) n=18 88 35.3 (30.6 - 36.6) n=12 6.0 (4.9 - 9.6) n=12 83 
SO4
2- 4.3 (3.7 - 4.5)
 n=12 5.5 (5.0 - 6.4) n=18 0.3 (0.2 - 0.4) n=18 95 5.1 (4.4 - 5.9) n=18 0.4 (0.2 - 0.8) n=18 93 5.9 (4.6 - 6.1) n=12 12.6 (7.9 - 16.7) n=12 -114 
Br- 7.1 (4.5 - 7.7)
 n=12 6.8 (5.8 - 8.8) n=18 10.7 (7.6 - 11.7) n=18 -56 7.3 (5.7 - 7.8) n=18 9.8 (9.3 - 10.6) n=18 -35 7.5 (5.8 - 8.8) n=12 7.0 (6.5 - 7.5) n=12 7 
Cl- 767 (750 – 1026)
 n=12 884 (817 – 959) n=18 1080 (907 – 1168) n=18 -22 881 (805 – 948) n=18 1082 (837 – 1218) n=18 -23 922 (874 – 946) n=12 839 (680 – 897) n=12 9 
F- 0.01 (0.01 - 0.02)
 n=12 0.03 (0.01 - 0.05) n=18 0.06 (0.05 - 0.08) n=18 -100 0.02 (0.01 - 0.03) n=18 0.03 (0.02 - 0.04) n=18 -50 0.02 (0.01 - 0.03) n=12 0.05 (0.04 - 0.06) n=12 -150 
Major cations mgL
-1 
Ca 13.0 (10.6 – 15.0)
 n=12 13.7 (13.2 - 15.4) n=18 22.2 (20.0 - 31.0) n=18 -62 13.9 (13.5 - 14.6) n=18 28.6 (19.7 - 34.2) n=18 -106 14.8 (11.6 - 16.5) n=12 24.2 (17.5 - 28.5) n=12 -63 
K 262 (249 – 276)
 n=12 229 (209 – 247) n=18 97 (69 – 152) n=18 58 235 (223 – 247) n=18 117 (76 – 142) n=18 50 236 (227 – 239) n=12 91 (75 – 101) n=12 61 
Mg 17.0 (14.5 – 18.9)
 n=12 15.3 (35.5 - 42.5) n=18 38.4 (14.8 - 16.7) n=18 -152 14.9 (13.9 - 15.7) n=18 40.2 (35.9 - 43.3) n=18 -170 16.4 (14.8 - 16.7) n=12 31.4 (25.8 - 32.4) n=12 -91 
Na 798 (774 – 889)
 n=12 826 (753 – 867) n=18 964 (784 – 1044) n=18 -17 830 (787 – 846) n=18 956 (921 – 1160) n=18 -15 848 (831- 861) n=12 776 (717 – 790) n=12 8 
SAR 61.2 63.8 38.4  64.1 32.4  60.9 32.2  
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Table 5.4:  Continued 
Analyte Treatment 
5000 EC 
Main inlet A.donax P. australis unplanted 
Inlet Outlet RE Inlet Outlet RE Inlet Outlet RE 
Trace elements mgL-1 
Al 0.00 (0.01 - 0.11)
 n=12 0.01 (0.01 - 0.12) n=18 0.01 (0.01 - 0.10) n=18 0 0.01 (0.01 - 0.11) n=18 0.01 (0.01- 0.12) n=18 0 0.01 (0.01 - 0.11) n=12 0.01 (0.01 - 0.12) n=12 0 
B 0.04 (0.04 - 0.05)
 n=12 0.04 (0.04 - 0.05) n=18 0.04 (0.03 - 0.05) n=18 0 0.04 (0.04 - 0.05) n=18 0.03 (0.03 - 0.05) n=18 25 0.04 (0.04 - 0.05) n=12 0.04 (0.04 - 0.05) n=12 0 
Cu 0.01 (0.00 - 0.01)
 n=12 0.00 (0.00 - 0.00) n=18 0.00 (0.00 - 0.00) n=18 0 0.00 (0.00 - 0.00) n=18 0.00 (0.00 - 0.00) n=18 0 0.00 (0.00 - 0.01) n=12 0.00 (0.00 - 0.00) n=12 0 
Fe 0.05 (0.04 - 0.06)
 n=12 0.03 (0.03 - 0.05) n=18 0.03 (0.02 - 0.05) n=18 0 0.04 (0.03 - 0.05) n=18 0.03 (0.01 - 0.04) n=18 25 0.03 (0.03 - 0.04) n=12 0.02 (0.02 - 0.07) n=12 33 
Mn 0.01 (0.01 - 0.02)
 n=12 0.01 (0.01 - 0.01) n=18 0.21 (0.14 - 0.52) n=18  0.01 (0.00 - 0.01) n=18 0.21 (0.13 - 0.35) n=18  0.01 (0.00 - 0.02) n=12 0.08 (0.07 - 0.16) n=12 -700 
Zn 0.04 (0.03 - 0.05)
 n=12 0.04 (0.04 - 0.05) n=18 0.00 (0.00 - 0.00) n=18 100 0.04 (0.04 - 0.05) n=18 0.00 (0.00 - 0.01) n=18 100 0.05 (0.04 - 0.05) n=12 0.02 (0.01 - 0.03) n=12 60 
S 2.5 (2.1 - 3.0)
 n=12 2.9 (2.4 - 3.1) n=18 0.5 (0.5 - 0.6) n=18 83 2.8 (2.4 - 3.0) n=18 0.6 (0.5 - 0.8) n=18 80 3.0 (2.6 – 3.2) n=12 4.9 (4.2 - 5.5) n=12 -63 
Microbiology Log10 (cfu 100 mL
-1) 
TPC 6.92 (6.86 - 7.12)
 n=12 6.92 (6.86 - 7.12) n=18 5.75 (5.58 - 5.93) n=18 1.2 6.92 (6.86 - 7.12) n=18 5.51 (5.46 - 5.95) n=18 1.4 6.92 (6.86 - 7.12) n=12 6.33 (6.16 - 6.48) n=12 0.59 
Total 
coliform 
5.76 (5.25 - 5.85) n=12 5.25 (5.16 - 5.53) n=18 4.16 (3.76 - 4.59) n=18 1.1 5.24 (5.14 - 5.41) n=18 3.94 (3.91 - 4.29) n=18 1.3 5.17 (5.12 - 5.39) n=12 4.54 (4.42 - 4.90) n=12 0.63 
E.coli 4.57 (4.34 - 4.94)
 n=12 4.56 (4.26 - 4.94) n=18 2.86 (2.86 - 3.09) n=18 1.7 4.56 (4.27 - 4.94) n=18 2.86 (2.86 - 2.87) n=18 1.7 4.56 (4.26 - 4.94) n=12 3.16 (3.16 - 3.34) n=12 1.4 
Note: Negative RE value represent increase outlet compared to inlet
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Figure 5.7: ½ strength trial: Box and whisker plots of (a) pH and (b) EC (µS cm
-1
) in 
the inlet and outlet of constructed wetlands of planted beds (AD; Arundo donax, PA; 
Phragmites australis) and unplanted control beds (C). Stars next to the values signify 
unusually large or small values, with respect to the others in the group. 
 
In the ½ strength trial, the outlet BOD concentrations were generally less than inlet 
values. Overall there was an average reduction of 82% of BOD in the planted beds, 
(71% in A. donax CWs and 92% for P. australis CWs), in comparison to 81% for 
unplanted beds (Figure 5.8a). It is noted that in the unplanted beds, the BOD removal 
rates (81%) are higher than in ¼ strength trial (53%), perhaps due to the fact the 
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experiments were carried out during the summer and with the excess algal growth 
observed in the unplanted inlet and outlet zones also contributing to the removal of 
organic material. 
 
Removal of SS in the ½ strength trial was lowest in the planted beds (49% for A. 
donax and 71% for P. australis) and highest in unplanted controls (85%; Figure 
5.8b). That the unplanted control beds outperformed the planted beds in removing SS 
was consistent with the ¼ strength trial. Again this is perhaps due to plant produced 
SS in the effluent from planted beds, especially from A. donax which again contained 
an unknown milky-brownish material that interfered with the analyses of SS. 
However, it is noted that the milky-brownish material disappeared over time. The 
data from the two shandied effluent studies (EC 2500 and 5000 µS cm
-1
) indicated 
that SS removal may be achieved without complete vegetation being established. The 
fact that the removal rates of the unplanted beds were higher than the planted beds 
indicated that removal of SS is almost entirely due to physical processes i.e. 
sedimentation and filtration, rather than biological processes associated with the 
microbial community or with the higher plants itself. 
 
The average removal efficiency for TP in the ½ strength trial was similar for the 
planted beds and unplanted control beds, with an average of 47% removal for planted 
beds (51% for A. donax, 42% for P. australis) and 43% for unplanted control (Figure 
5.8c). This removal efficiency is lower than the ¼ strength trial, but is may simply be 
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due to the ¼ strength trial having higher TP at the inlet (~ 27–29 mgL-1) compared to 
inlet TP for ½ strength trial (~ 14-21 mgL
-1
), since outlet TP concentrations observed 
in the ½ strength trial (~8.8–9.9 mgL-1) are not dissimilar to those observed in the ¼ 
strength trial (~ 5.1–10.4 mgL-1).   
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Figure 5.8: ½ strength trial: Box and whisker plots of (a) BOD, (b) SS and (c) TP 
concentrations (mgL
-1
) in the inlet and outlet of constructed wetlands of planted beds 
(AD; Arundo donax, PA; Phragmites australis) and unplanted control beds (C). Stars 
next to the values signify unusually large or small values, with respect to the others 
in the group. 
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Figure 5.9: ½ strength trial: Box and whisker plots of (a) TN and (b) TAN 
concentrations (mgL
-1
) in the inlet and outlet of constructed wetlands of planted beds 
(AD; Arundo donax, PA; Phragmites australis) and unplanted control beds (C). Stars 
next to the values signify unusually large or small values, with respect to the others 
in the group. 
 
The removal efficiency of TN was higher in planted beds (A. donax, 78%; P. 
australis, 95%) compared to the unplanted beds (53%; Figure 5.9a). Similar data 
were obtained for TAN, where the planted beds (A. donax, 89%; P. australis, 99.5%) 
performed better than the unplanted beds (70%; Figure 5.9b).  However, in this case 
it is noted that no removal of nitrate in planted and unplanted control beds - in fact, 
there’s increased nitrate in effluent (Table 5.4). This is perhaps due to much of TAN 
may be nitrified prior to release into the wetlands.   
 
Of the remaining anions monitored (Cl
-
, Br
-
, F
-
; Table 5.4) most had higher 
concentrations in the CW outlet than inlet. This was true for both the planted beds 
and the unplanted control beds, although for the most part the unplanted control 
effluent concentrations were the highest. Although the exact causes of this are as yet 
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unknown, this may be attributed to the rapidly occurring chemical precipitation 
and/or exchange reactions occurring in the CWs releasing these anions from the 
matrix. 
 
In this ½ strength trial, the log10TPC removal was 1.2 in A. donax CWs, 1.4 for P. 
australis planted CWs and 0.59 for unplanted controls (Figure 5.10a). Total coliform 
removal was 1.1 for A. donax and 1.3 for P. australis planted beds, and 0.63 for the 
unplanted beds (Figure 5.10b). E. coli removal was  1.7 for both planted beds and1.4 
for the unplanted beds (Figure 5.10c). For this ½ strength study, the unplanted beds 
effectively converted effluent classifiable as Class ‘D’ recycled water (E. coli<10000 
cfu 100 mL
-1
; suitable only for non-food crops including used for growing  instant 
turf, woodlots and flowers) into Class ‘C’ recycled water (E. coli< 1000 cfu 100 mL-
1
; suitable only for use on human food crops that will be cooked prior to consumption 
or grazing/fodder crops; EPA 1991), while the planted P. australis  and A. donax 
beds, effectively converted the effluent into Class ‘B’ recycled water  (E. coli< 100 
cfu 100 mL
-1
; suitable for use on dairy cattle grazing and wash down water).  
 
Observations of plant leaves showed no visual signs of toxicity. Chlorophyll data for 
the two species showed that chlorophyll a concentrations were stable throughout the 
trial (A. donax, 80 – 96 µg cm-2; P. australis,81 – 85 µg cm-2; Figure 5.11 (a) and 
(b)). Similarly, no significant changes were observed in chlorophyll a : b ratio 
(Figure 5.12a,b), suggesting that there was no short-term toxic impact on the plants 
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(Manios et al., 2003;Ewais, 1997; Gadallah, 1994). Above ground biomass was 
harvested at the end of the experiment to evaluate the growth and development of the 
plants. Perhaps not surprisingly, the data highlighted that the A. donax produced 
more above ground biomass (11.5 ± 1.0 kg wet weight) than P. australis beds (6.8 ± 
0.7 kg wet weight). Assuming comparable growth during a 250 day growing season, 
and a single-cut harvest, this equates to approximately 137 and 103 tonne ha
-1
 yr
-1
 
biomass (dry weight) ha
-1
 yr
-1
 biomass (dry weight) for A. donax and P. australis, 
respectively.    
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Figure 5.10: ½ strength trial: Box and whisker plots of (a) TPC, (b) Total coliform, 
and (c) E. coli concentrations (Log10 (cfu 100mL
-1
)) in the inlet and outlet of 
constructed wetlands of planted beds (AD; Arundo donax, PA; Phragmites australis) 
and unplanted control beds (C). Stars next to the values signify unusually large or 
small values, with respect to the others in the group. 
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Figure 5.11: ½ strength trial: Box and whisker plots of changes in the concentration 
of total chlorophyll, chlorophyll a, and chlorophyll b for (a) Arundo donax and (b) 
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Phragmites australis (µg cm
-2
). Stars next to the values signify unusually large or 
small values, with respect to the others in the group. 
 
 
 
 
 
Figure 5.12: ½ strength trial: Box and whisker plots of ratios of chlorophyll a to 
chlorophyll b for (a) Arundo donax and (b) Phragmites australis (µg cm
-2
). Stars 
next to the values signify unusually large or small values, with respect to the others 
in the group. 
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Treatment of full strength WCB effluent 
This experiment was conducted over 17 weeks from 7 April 2010 until 29 July 2010 
i.e. in the late autumn to mid-winter. In this short term full strength trial, CW inlet 
pH was alkaline (~8.0), with outlet pH in the range ~7.8 – 7.9 for planted beds 
(Figure 5.13a) and pH 8.1 for unplanted controls, indicating that the systems were 
not effectively neutralising the mildly alkaline wastewater (Table 5.5). Variation in 
pH between the effluent trials was minimal (Figure 5.14a).  
 
When the experiments were planned, the EC of the treated effluent for this dairy 
factory was expected to be in the range of ~9 - 10 mS cm
-1
. However due to changed 
circumstance in the factory (planned shutdowns, changed production schedules) 
effluent EC was in the range of ~7 - 8 mS cm
-1
.In this full strength trial, the CWs 
(planted and unplanted controls) appeared to cause significant reduction in the 
conductivity of the wastewater (average reduction of ~4% for A. donax and 5% for P. 
australis planted CWs). The highest reduction is in the unplanted control (13%; 
Table 5.5, Figure 5.13b). Since the experiment was undertaken in the autumn 
months, one hypothesis for this observation is that rain events diluted the effluent 
and/or sorption reactions occurred in the wetlands. Conductivity measurements 
exhibited more variability in the full strength trial than the previous two trials (Figure 
5.14b).  
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Table 5.5:  Full strength trial: summary comparison of CW treatment performance at HLR, 3.75 cm day
-1 
(median ± 25
th
 - 75
th
 percentiles, the interquartile 
range limiting values) for selected monitored physic – chemical parameters and pathogens 
Analyte Treatment;n: Number of samples for each parameters 
Full Strength 
Main inlet A.donax P. australis unplanted 
Inlet Outlet RE Inlet Outlet RE Inlet Outlet RE 
pH 7.6 (7.6 - 7.6)
n=22 8.0 (7.9 – 8.0)n=33 7.9 (7.9 - 7.9) n=33  8.0 (7.9 - 8.0) n=33 7.8 (7.8 - 7.9) n=33  8.00 (8.0 - 8.1) n=22 8.1 (8.1 - 8.1) n=22  
EC 7000 (6100 – 9470)
 n=22  7320 (5680 – 9100) n=33 7050 (6400 – 7570) n=33  7350 (5810 – 9580) n=33 6980 (6430 – 7420) n=33  7360 (5850 – 7950) n=22 6370 (6120 – 7240) n=22  
Hardness 47 (36 – 56)
 n=22 43 (33 – 56) n=33 109 (96 – 154) n=33  46 (41 – 58) n=33 113 (104 – 120) n=33  47 (44 – 50) n=22 161 (149 – 182) n=22  
mgL-1 
BOD 20.6 (16.8 - 21.8)
 n=22 17.6 (13.0 – 19.0) n=33 7.0 (4.0 - 8.8) n=33 60 17.9 (13.0 – 19.0) n=33 4.4 (2.5 - 5.8) n=33 75 18.4 (14.3 - 19.3) n=22 7.6 (5.0 - 10.1) n=22 59 
TOC 2.8 (2.0 - 7.8)
 n=22 4.9 (0.1 – 2.2) n=33 4.1 (2.6 - 10.6) n=33 17 5.0 (0.3 - 8.2) n=33 0.5 (0.3 - 5.8) n=33 90 7.0 (1.2 - 12.1) n=22 1.2 (0.6 - 3.8) n=22 83 
SS 22 (12 – 31)
 n=22 16 (8 – 22) n=33 2.0 (1.0 – 4.0) n=33 88 17 (9.0 – 22) n=33 1 (1.0 – 2.0) n=33 94 17 (8 – 24) n=22 0.9 (0.5 – 1) n=22 95 
TP 62.0 (55.3 - 75.0)
 n=22 60.0 (50.0 - 75.0) n=33 55.0 (33.0 - 60.0) n=33 8 59.0 (49.0 - 65.0) n=33 60.0 (37.0 - 65.0) n=33 -2 50.5 (45.5 - 55.0) n=22 55.0 (32.0 - 55.0) n=22 -9 
TN 115.5 (110.0 - 129.5)
 n=22 107.0 (96.0 - 120.0) n=33 100.0 (78.0 - 112.0) n=33 7 108.0 (95.0 - 130.0) n=33 82.0 (68.0 - 100.0) n=33 24 96.5 (83.0 - 102.8) n=22 80.0 (60.5 - 91.5) n=22 17 
TAN 90.0 (61.9 - 118.8)
 n=22 75.0 (65.0 - 90.0) n=33 45.0 (29.0 - 75.0) n=33 40 78.0 (65.0 - 90.0) n=33 29.0 (14.5 - 65.0) n=33 63 68.5 (55.0 - 83.8) n=22 26.5 (16.3 - 63.8) n=22 61 
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Table 5.5:  Continued 
Analyte Treatment 
Full Strength 
Main inlet A.donax P. australis unplanted 
Major Anions mgL-1 
NO3
- 0.00 (0.00 - 0.01)
 n=22 7.4 (4.9 - 14.3) n=33 0.4 (0.2 - 2.4) n=33 95 3.3 (1.5 - 5.4) n=33 2.7 (2.5 - 4.6) n=33 20 19.5 (16.2 - 23.1) n=220 20.0 (11.3 - 26.3) n=22 -3 
NO2
- 0.2 (0.1 - 0.4)
 n=22 2.2 (1.0 - 3.3) n=33 0.2 (0.1 - 0.3) n=33 91 3.8 (2.7 - 4.9) n=33 0.4 (0.2 - 0.5) n=33 90 1.0 (0.3 - 1.7) n=22 0.3 (0.1 - 0.6) n=22 67 
PO4
3- 168.5 (139.5 - 99.9)
n=4 129.1 (100.9 - 61.7) n=6 45.8 (24.1 - 70.9) n=6 65 143.4 (103.5 - 174.5) n=6 52.4 (33.2 - 85.2) n=6 64 110.8 (99.5 - 131.7) n=4 34.1 (18.8 - 48.3) n=4 69 
SO4
2- 32.0 (15.6 - 51.0)
 n=4 15.4 (10.6 - 20.7) n=6 14.7 (13.1 - 23.8) n=6 5 15.5 (10.8 - 20.9) n=6 11.8 (9.4 - 13.6) n=6 24 15.9 (10.9 - 21.0) n=4 15.9 (15.1 - 16.6) n=4 0 
Br- 0.7 (0.6 - 0.8)
 n=4 1.4 (1.0 - 2.0) n=6 1.9 (1.4 - 2.7) n=6 -36 1.4 (1.1 - 1.8) n=6 1.6 (1.1 - 2.4) n=6 -15 2.4 (2.0 - 2.7) n=4 3.1 (2.3 - 3.9) n=4 -31 
Cl- 1373 (1067 – 1665)
 n=4 1573 (1550 – 1812) n=6 1658 (1572 -1664) n=6 -8 1753 (1593 – 1861) n=6 1595 (1486 – 1668) n=6 9 1652 (1580 – 1720) n=4 1489 (1468 – 1526) n=4 10 
F- 0.3 (0.2 - 0.4)
 n=4 0.1 (0.09 - 0.18) n=6 0.07 (0.05 - 0.12) n=6 50 0.09 (0.08 - 0.13) n=6 0.06 (0.04 - 0.08) n=6 33 0.06 (0.04 - 0.09) n=4 0.02 (0.02 - 0.03) n=4 67 
Major cations mgL-1 
Ca 13.7 (11.5 - 16.1)
 n=4 12.7 (9.8 - 16.5) n=6 18.0 (10.9 - 23.8) n=6 -42 13.4 (10.6 - 17.5) n=6 14.1 (11.9 - 19.0) n=6 -5 12.9 (11.7 - 14.8) n=4 19.0 (17.6 - 21.8) n=4 -47 
K 265 (236 – 292)
 n=4 268 (255 – 277) n=6 243 (236 – 263) n=6 9 272 (264 – 280) n=6 291 (264 – 296) n=6 -7 254 (248 – 263) n=4 239 (220 – 252) n=4 6 
Mg 2.7 (1.7 - 3.7)
 n=4 2.9 (2.2 - 3.5) n=6 14.6 (11.3 - 23.7) n=6 -403 3.5 (3.0 - 3.8) n=6 16.6 (15.5 - 17.4) n=6 -378 3.6 (3.4 - 3.8) n=4 27.8 (23.7 - 33.1) n=4 -665 
Na 1385 (1218 – 1544)
 n=4 1504 (1484 – 1569) n=6 1453 (1359 – 1479) n=6 3 1546 (1472 – 1607) n=6 1397 (1221 – 1450) n=6 10 1445 (1406 – 1463) n=4 1188 (1175 – 1243) n=4 18 
SAR 151.5 175.6 94.7  168.0 103.0  162.1 59.6  
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Table 5.5:  Continued 
Analyte Treatment 
 Full Strength 
 Main inlet A.donax P. australis unplanted 
Trace elements  mgL-1 
Al 0.00 (0.00 - 0.00)
 n=4 0.00 (0.00 - 0.00) n=6 0.00 (0.00 - 0.00) n=6 0 0.00 (0.00 - 0.00) n=6 0.00 (0.00 - 0.00) n=6 0 0.00 (0.00 - 0.00) n=4 0.00 (0.00 - 0.01) n=4 0 
B 0.04 (0.03 - 0.04)
 n=4 0.04 (0.03 - 0.04) n=6 0.03 (0.03 - 0.03) n=6 25 0.04 (0.04 - 0.04) n=6 0.03 (0.03 - 0.03) n=6 25 0.04 (0.04 - 0.04) n=4 0.04 (0.04 - 0.04) n=4 0 
Cu 0.00 (0.00 - 0.00)
 n=4 0.00 (0.00 - 0.00) n=6 0.00 (0.00 - 0.00) n=6 0 0.00 (0.00 - 0.00) n=6 0.00 (0.00 - 0.00) n=6 0 0.00 (0.00 - 0.00) n=4 0.00 (0.00 - 0.00) n=4 0 
Fe 0.09 (0.07 - 0.10)
 n=4 0.07 (0.07 - 0.08) n=6 0.04 (0.02 - 0.07) n=6 43 0.08 (0.07 - 0.09) n=6 0.01 (0.00 - 0.02) n=6 88 0.06 (0.05 - 0.07) n=4 0.01 (0.01 - 0.01) n=4 83 
Mn 0.02 (0.02 - 0.03)
 n=4 0.02 (0.01 - 0.03) n=6 0.35 (0.31 - 0.39) n=6 -1650 0.02 (0.02 - 0.03) n=6 0.36 (0.31 - 0.37) n=6 -1700 0.02 (0.02 - 0.03) n=4 0.24 (0.16 - 0.32) n=4 -1100 
Zn 0.01 (0.00 - 0.01)
 n=4 0.03 (0.02 - 0.03) n=6 0.02 (0.01 - 0.04) n=6 33 0.02 (0.02 - 0.03) n=6 0.06 (0.04 - 0.08) n=6 -200 0.05 (0.03 - 0.06) n=4 0.07 (0.06 - 0.08) n=4 -40 
S 14.4 (6.6 - 22.3)
 n=4 8.4 (4.6 - 8.3) n=6 9.4 (5.4 - 9.4) n=6 -12 8.6 (4.7 - 8.6) n=6 6.0 (4.1 - 5.9) n=6 31 8.3 (4.7 - 8.3) n=4 6.8 (6.2 - 6.8) n=4 19 
Microbiology Log10 (cfu 100 mL
-1) 
TPC 7.39 (7.35 - 7.76)
 n=22 7.30 (7.24 - 7.64) n=33 6.76 (6.64 - 6.86) n=33 0.5 7.29 (7.22 - 7.62) n=33 6.46 (6.24 - 6.56) n=33 0.8 7.32  (7.26 - 7.63) n=22 7.16 (7.06 - 7.27) n=22 0.1 
Total 
coliform 
6.1 (6.1 - 6.5) n=22 6.0 (6.0 - 6.4) n=33 5.2 (5.1 - 5.4) n=33 0.8 6.0 (6.0 - 6.3) n=33 4.9 (4.9 - 5.1) n=33 1.1 6.0 (6.0 - 6.2) n=22 4.8 (4.6 - 4.9) n=22 1.2 
E.coli 5.0 (4.9 - 5.2)
 n=22 4.9 (4.8 - 5.1) n=33 4.2 (4.0 - 4.3) n=33 0.7 4.9 (4.7 - 5.1) n=33 4.2 (4.1 - 4.3) n=33 0.7 4.9 (4.7 - 5.1) n=22 4.0 (3.5 - 4.2) n=22 0.9 
Note: Negative RE value represent increase outlet compared to inlet; 
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Figure 5.13: Full strength trial: Box and whisker plots of (a) pH and (b) EC (mS cm
-
1
) in the inlet and outlet of constructed wetlands of planted beds (AD; Arundo donax, 
PA; Phragmites australis) and unplanted control beds (C). Stars next to the values 
signify unusually large or small values, with respect to the others in the group. 
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Figure 5.14: Box and whisker plots of variation in (a) pH and (b) EC (µS cm
-1
) 
across the three salinity (effluent strength) trials in the inlet and outlet of constructed 
wetlands of planted beds (AD; Arundo donax, PA; Phragmites australis) and 
unplanted control beds (C). Stars next to the values signify unusually large or small 
values, with respect to the others in the group. 
 
The CW inlet BOD concentrations were in the range of 17.6 – 18.4 mgL-1, and were 
reduced by an average of ~ 68% for planted beds and 59% for unplanted control beds 
(Figure 5.15a). The greater portion of reduction in planted CWs was achieved by P. 
australis beds (75% BOD removal cf., 60% in A. donax CWs). This is consistent 
with the ½ and ¼ strength trials. One further comparison can be made, and that is 
that even though on the whole the CWs were achieving adequate BOD removal, the 
removal rates were lower in this full strength study (Figure 5.16a) even though the 
BOD inlet concentrations were similar to the ½ and ¼ strength trials. One possible 
reason for this observation is the lower ambient temperatures during the full strength 
trial. However, the influence of temperature on BOD removal in wetlands is not 
entirely clear. While it is known that microbial BOD destruction processes are 
slowed in cooler temperatures, organic matter decomposition is also slowed and 
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there is more dissolved oxygen available for BOD destruction (Reed et al., 1995).  
Studies reported by Kadlec and Knight (1996) and Kadlec and Reddy (2001) show 
that while BOD concentrations follow an annual cycle, BOD removal seasonality 
does not translate to a correlation with temperature. For instance, Kadlec et al., 
(2003) reported that the highest removal of BOD in HF CWs system in Minnesota 
were during summer and autumn with substantial decrease in treatment efficiency 
during winter and spring, unlike this study where the highest removal rates are in 
spring, followed by summer. 
 
Substantial reductions in SS were achieved in this full strength study as shown in 
Figure 5.15b. The removal efficiencies are the highest in unplanted control beds with 
95% removal compared to planted beds with 94% for P. australis and 88% for A. 
donax. The relatively high SS removal by planted beds in this study is in contrast to 
the ½ and ¼ strength trials, where SS removal efficiencies were significantly lower 
for planted beds (Figure 5.16b). In part, the SS reductions may have been hindered 
by contributions of colloidal excretions, but in this full strength effluent study, the 
colloidal excretions disappeared over time. It is also noted that, even though algal 
proliferation was evident from the visible presence of algae in the inlet from the 
unplanted control beds, it does not influence the end results of the outlet. However, 
the results observed are not inconsistent with Kadlec and Knight (1996) who 
reported that SS treatment efficiency has been observed to be reduced in warmer 
temperatures due to increased microbial and algal productivity that generates 
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sedimentary material. In contrast, Mӕhlum and Jenssen (2003) suggest season has 
little effect on removal of SS.  
 
There was little TP removal in this full strength study. For instance, TP 
concentrations entering the CWs were in the range 51 - 60 mgL
-1
, and were reduced 
only in the A. donax CWs (by 8%). In CWs planted with P. australis and unplanted 
controls, there was an increase in the outlet TP compared to the inlet (Figure 5.15c). 
This is indicative of a saturation of sorption sites in the media and sediment of the 
system (Reddy et al., 1998). Such deterioration in outlet quality is typical of P 
saturation observed in heavily P-loaded wetland systems (Watson et al., 1989). The 
poor performance of the system may be attributed to dissolution of P into the water 
column from accumulating P-rich effluent and P-saturated bottom media and 
sediment in the wetlands. Under anaerobic conditions and mildly alkaline pH, Fe- 
and Al- bound inorganic P is prone to desorption from deposited sediments (Gomez 
et al., 2000; Ortuńo et al., 2000). It is also possible that anoxic conditions and the 
absence of nitrate at depth is causing phosphate accumulating organisms (PAO) to 
assimilate volatile fatty acids and other readily degradable material and release 
phosphates in the process (Shipin et al., 2000). Microbial activity is also known to 
cause inorganic P release by mineralizing organic P in suspended matter and in the 
effluent (Ortuńo et al., 2000). The combined effect of these P release mechanisms 
contributes soluble P, thereby causing a high TP in the outlet result. 
 
158 
 
It is possible that the lower autumnal temperatures were responsible for the poor TP 
removal. Phosphorus removal has been shown to display clear seasonal patterns, e.g.  
being higher in summer and autumn and lower in winter and spring, due to the 
positive temperature effects on processes of adsorption, plant uptake, microbial 
breakdown of organic phosphorus and release from P rich soil and particles (Cronk, 
1996; Kadlec and Reddy, 2001), but this is not the case in this study where the 
highest removal was in spring followed by summer and winter (Figure 5.16c). There 
are also studies that indicate no seasonal effect on TP, e.g. Hill et al., (2003), who 
reported that treatment of soluble P in a dairy farm effluent in northern New York 
State was not significantly different in summer and winter. Instead, the removal of P 
was determined by substrate type. Reports from Kadlec and Knight (1996), Kadlec 
(1995) and Knight et al. (2000), also suggest that temperature on its own has little 
correlation to P removal, with no trends evident for the first-order rate constant, 
suggesting that P removal is governed primarily by sedimentation. 
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Figure 5.15: Full strength trial: Box and whisker plots of (a) BOD, (b) SS and (c) TP 
concentrations (mgL
-1
) in the inlet and outlet of constructed wetlands of planted beds 
(AD; Arundo donax, PA; Phragmites australis) and unplanted control beds (C). Stars 
next to the values signify unusually large or small values, with respect to the others 
in the group. 
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Figure 5.16: Box and whisker plots of  comparisons of removal efficiency in (a) 
BOD, (b) SS and (c) TP across the three salinity (effluent strength) trials  in the inlet 
and outlet of constructed wetlands of planted beds (AD; Arundo donax, PA; 
Phragmites australis) and unplanted control beds (C). Stars next to the values signify 
unusually large or small values, with respect to the others in the group. 
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Inlet TN concentrations were fairly consistent over the sampling period in the full 
strength trial, in the range of ~75 – 150 mgL-1.  Average removal efficiency of TN in 
the planted CWs was ~16%, compared to 17% for unplanted controls. In the planted 
CWs, P. australis outperformed A. donax (24% removal cf. 7%; Figure 5.17a). 
 
The TAN concentrations in the WCB effluent were partially removed by both the 
planted and unplanted CWs, although TAN removal was 40% for A. donax and 63% 
for P. australis (Figure 5.17b). The low removal efficiencies in both planted and 
unplanted beds indicated that rapid mineralization of organic nitrogen is occurring in 
the wetlands. This could also be related to the high nitrogen content of the WCB full 
strength effluent that associated with accumulation of organic N available for 
subsequent ammonification in the aerobic zone of the CWs. It might be inferred that 
most of the reductions in the CWs would be caused by settling of organic solids on 
account of organic N reductions being higher than net ammonia gains. This, 
however, assumes negligible TAN losses by volatilization or 
nitrification/denitrification in the CWs. With such high main inlet TAN 
concentrations (90.0 mgl
-1
), considerable losses via volatilisation are to be expected 
under the alkaline conditions of the anaerobic zone in the CWs (Aneja et al., 2001), 
and from the apparent increase in NO3
-
 concentrations (especially in the outlet of 
unplanted control beds) it appears that some degree of nitrification of TAN is 
occurring in the aerobic zone in the CWs water column. Since the analyses for NO2
-
 
revealed negligible (near zero) concentrations, hence nitrification and subsequent 
denitrification is probably the major TAN removal pathway in the CWs. 
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Figure 5.17: Full strength trial: Box and whisker plots of (a) TN and (b) TAN 
concentrations (mgL
-1
) in the inlet and outlet of constructed wetlands of planted beds 
(AD; Arundo donax, PA; Phragmites australis) and unplanted control beds (C). Stars 
next to the values signify unusually large or small values, with respect to the others 
in the group. 
 
 
0
20
40
60
80
100
120
140
160
180
InletMain InletPA OutPA InletAD OutAD InletC OutC
T
N
 
SourceCrop 
0
20
40
60
80
100
120
140
160
180
InletMain InletPA OutPA InletAD OutAD InletC OutC
T
A
N
 
SourceCrop 
(b) 
(a) 
163 
 
 
 
Figure 5.18: Box and whisker plots of comparisons of removal efficiency in (a) TN 
and (b) TAN across the three salinity (effluent strength) trials in the inlet and outlet 
of constructed wetlands of planted beds (AD; Arundo donax, PA; Phragmites 
australis) and unplanted control beds (C). Stars next to the values signify unusually 
large or small values, with respect to the others in the group. 
 
As was the case with the TP removal, there appeared to be a pattern of declining of 
TN removal with increasing salinity (Figure 5.18a and b). Total nitrogen removal 
might be expected to improve with temperature, mainly because the major removal 
pathways of nitrification/denitrification and ammonia volatilization are stimulated by 
warmer temperatures (Cronk, 1996; Werker et al., 2002), however comparisons 
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between seasons are difficult because of the different salinity treatments (with their 
different nutrient loading rate) imposed.  
 
In the full strength trial, TN concentrations in the final effluent were below the 
nitrogen short-term trigger value (Table 5.3); but TP concentrations in the final 
effluent were not in the range acceptable for short-term or long-term applications. 
However, it is again clear that the CW effluent has a high concentration of Na
+
 
relative to other cations, with high SAR, e.g. A. donax 95, P. australis 103 (Table 
5.3). Moreover, because the CW effluent’s EC (~7.0 mS cm-1) is over the minimum 
required to maintain a stable soil structure at this SAR, soil deterioration is possible 
(ANZECC and ARMCANZ, 2000), and very careful salt and nutrient management 
would be required if the CW wastewater were to be recycled to land. 
 
The anions monitored (Table 5.5) clearly indicate that the planted beds outperform 
the unplanted control beds. Meaning, the planted beds were more efficient at 
removing NO3
-
, NO2
-
 and PO4
3-
 compared to unplanted control beds. This can be 
explained by where the water in the planted beds CWS is more exposed to the media 
and the reed roots where the plant uptake plays a role in NO3
-
 removal. The PO4
3- 
removal for the planted beds showed similar removal to the unplanted control beds.  
As the concentration of sulphates at the inflow increased, it probably accelerated the 
growth of sulphate reducing bacteria, which could play an important role in the 
mineralization of organic substances present in the effluent. 
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During the full strength trial, good reductions in TPC, Total coliform and E.coli 
abundance were observed in planted and unplanted beds (Figure 5.19a,b and c). For 
instance, log10 TPC reduction was0.5, 0.8 and 0.1 for A. donax,P. australis and 
unplanted controls, respectively. Total coliform results indicated high performance in 
removal efficiencies in planted beds (log 10 reduction of 0.8 for A. donax, 1.1 for P. 
australis) and for unplanted control beds (1.2). E. coli removal was similar in planted 
and unplanted controls (0.7 – 0.9). This data from a microbiological perspective 
indicated that the presence of plants in the HSSF CWs did not make a significant 
difference to bacterial removal efficiency. In this full strength study, the CWs 
effectively converted the WCB effluent into Class ‘D’ recycled water (E. coli<10000 
cfu 100 mL
-1
; suitable only for non-food crops including used for growing instant 
turf, woodlots and flowers; EPA 1991).   
 
 
 
 
 
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
InletMain InletPA OutPA InletAD OutAD InletC OutC
L
o
g
1
0
 (
c
fu
 1
0
0
 m
L
-1
) 
SourceCrop 
(a) 
166 
 
 
 
 
 
 
Figure 5.19: Full strength trial: Box and whisker plots of (a) TPC, (b) Total coliform, 
and (c) E. coli concentrations (Log10 (cfu 100mL
-1
)) in the inlet and outlet of 
constructed wetlands of planted beds (AD; Arundo donax, PA; Phragmites australis) 
and unplanted control beds (C). Stars next to the values signify unusually large or 
small values, with respect to the others in the group. 
 
It is known that biological activity and resulting contaminant reduction depends on 
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three salinity treatments were similar, even though the full strength trial was in part 
performed during Winter time and the microbiological loading rate was higher 
compared to the other two studies (Figure 5.20a, b and c). This is consistent with 
studies reported by Kadlec and Knight (1996) and Knight et al., (2000)in that for 
E.coli, temperature has less effect on treatment performance, due to dependencies on 
physical properties within the CWs itself. Kern (2003) found no seasonal effect on 
the removal efficiencies of Total coliform from dairy wastewaters, noting that  
temperature (average 3.1
o
C) had a great influence on bacterial numbers, at least on 
proteolytic, nitrifying and total coliform bacteria, which are not adapted to low 
temperatures prevailing during the winter period. But, in contrast to bacterial 
numbers, bacterial activities did not reflect clear restrictions due to low temperatures, 
and that aerobic and anaerobic consumers of carbon sources seemed to be dependent 
primarily on carbon supply and not on high temperatures. Studies conducted by 
Vymazal et al., (2003) also found no substantial difference in removal of total 
coliforms during summer and winter in CWS in the Czech Republic. 
 
For the duration of the full strength study, chlorophyll a concentration were steady in 
all P. australis tissues (65 – 88 µg cm-2; Figure 5.21a) and for the most part (there 
was a drop in chlorophyll a in week 9) in A. donax tissues (72 – 107 µg cm-2 ;Figure 
5.21b). There appeared to be no prolonged plant stress across the three salinity 
studies (Figure 5.22a and b). 
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Figure 5.20: Box and whisker plots of comparisons of removal efficiency in (a) TPC, 
(b) Total coliform and (c) E. coli across the three salinity (effluent strength) trials  in 
the inlet and outlet of constructed wetlands of planted beds (AD; Arundo donax, PA; 
Phragmites australis) and unplanted control beds (C). Stars next to the values signify 
unusually large or small values, with respect to the others in the. 
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Figure 5.21: Full strength trial: Box and whisker plots of changes in the 
concentration of total chlorophyll, chlorophyll a, and chlorophyll b for (a) Arundo 
donax and (b) Phragmites australis (µg cm
-2
). Stars next to the values signify 
unusually large or small values, with respect to the others in the group. 
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Figure 5.22: Full strength trial: Box and whisker plots of ratios of chlorophyll a to 
chlorophyll b for (a) Arundo donax and (b) Phragmites australis (µg cm
-2
). Stars 
next to the values signify unusually large or small values, with respect to the others 
in the group. 
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weight). Assuming comparable growth during a 250 day growing season, and a 
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(dry weight) for A. donax and P. australis, respectively. This is lower than the ½ and 
¼ strength trials, but probably due to slow regrowth after harvesting at the end of 
each of the previous trials in the early summer and autumn.  
 
Perhaps the most attractive reason for using A. donax in HSSF CWs may be the 
opportunities for co-product uses of its biomass, either for direct substitution for 
hardwoods in existing kraft pulp mills without major equipment changes (Lewis and 
Jackson (2002)orfor energy production (Cosentino et al., 2006)and Ververis (2004). 
For instance, Angelini et al. (2009) found that land cultivated with A. donax 
produced net energy of about 637 Gj ha
-1
, which could substitute 14 ton ha
-1
 and 20 
ton ha
-1 
petroleum and coal equivalents, respectively, for each year of cultivation 
(where one petroleum equivalent equals 1 ton of petroleum with energy 45.36 GJ; 
one coal equivalent equals 1 ton of coal with energy 31.08 GJ; Angelini et al., 2009). 
Longer term trials and modelling of all actual and embedded energy inputs are 
required before the net energy balance of biomass produced by CW treatment 
systems planted with A. donax can be determined. 
 
5.4. Conclusions 
The performance of experimental subsurface flow, gravel-based CWs planted with 
either Arundo donax or Phragmites australis when challenged with diluted and 
undiluted treated WCB factory wastewater was evaluated at a HLR of 3.75cm d
–
1
.The wetlands were challenged with three salinity treatment treatments: 2500 µS cm
-
172 
 
1
, 5000 µS cm
-1 
and 7000-8000 µS cm
-1
 (or ¼, ½ and full strength effluent). In 
general the major water quality parameters monitored were improved after the 
effluent had passed through the CWs, generally somewhat more efficiently by the 
planted beds than unplanted gravel beds. There were also some significant 
differences in nutrient removal between the A. donax and P. australis beds in a few 
instances. At the lowest salinity, the CWs assessed in this study were capable of 
removing bacteria present in the inlet wastewater to levels that would allow reuse of 
the water for use on human food crops that will be cooked prior to consumption. At 
the highest salinity, bacterial removal was observed but only to levels that would 
allow reuse of the effluent for use on non - food crops. The hypothesis that the A. 
donax planted CWs would produce larger amounts of (potentially usable) biomass 
than the P. australis planted CWs was confirmed, although the effect of salinity on 
biomass production cannot be addressed due to confounding seasonal (temperature, 
day length, light intensity) effects. Longer term trials utilizing ‘as is’ plant effluent 
are required to both assess biomass production potential and treatment performance. 
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CHAPTER 6 
 
6. Long term performance of two macrophytes species in horizontal sub-
surface flow wetlands challenged with a milk processing factory treated 
wastewater effluent 
This chapter is presented substantively as the manuscript accepted for publication by 
a peer-reviewed journal (Environmental Science and Pollution Research) with minor 
modification to conform to Thesis requirements, e.g. in the Materials and Methods 
section)  
 
 
6.1. Introduction 
The Warrnambool Cheese and Butter Factory (WCB) in Allansford near 
Warrnambool in south-west Victoria, is a major producer of dairy commodities, such 
as cheese, milk powders, whey protein, butter and cream. Like many other 
companies, WCB is facing pressure to reduce both the volume of wastewater 
discharged, and the amount of salt contained therein. This in turn is driving the 
search by industry for newer, better and more cost-effective ways to treat the 
wastewater to meet regulatory requirements. The previous Chapters have highlighted 
that treatment wetlands are able to treat the organic loading and nutrient content of 
wastewaters generated by WCB, and by extension the wider dairy processing 
industry, at least in the short term. The purpose of this component of the study was to 
evaluate the performance of CWs when challenged with a saline dairy factory 
wastewater across a full growing season (~7 months) with the specific objectives of: 
(i) comparing the treatment performance of Arundo donax and Phragmites australis 
planted gravel substrate wetlands, (ii) comparing the treatment performance of 
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planted and unplanted beds, and (iii) to comparing the survival and biomass 
production of these species under high salinity treatments. 
 
6.2. Materials and Methods 
Study Site 
The design and set-up of the CWs is described in Section 3.4.1, but in short eight 
horizontal sub-surface flow CWs were set up in two parallel rows, four CWs to a 
row, at the rear of WCB’s treatment plant. 
 
Treatment 
As noted in the previous Chapter, the CWs began receiving plant effluent in April 
2010. In principle, therefore, this experiment was initiated in autumn of 2010 and 
lasted for 12 months. However, for the purposes of this Chapter, and in context of the 
objectives described earlier, the experiment began in early October 2010, and lasted 
for ~ 7 months, with the first water quality sampling on 13 October, 2010. Sampling 
was initially conducted on a fortnightly basis, but from early February 2011 sampling 
was carried out on monthly basis until 20 April, 2011. 
 
Data collection and analyses 
Details of the sampling and analytical procedures can be found in the Chapter 3 
(Section 3.5), but in short included the measurement of main tank, and CW inlet and 
outlet water samples for BOD5, SS (dry weight), TN, TAN, NO3-N, NO2-N, and TP 
175 
 
following APHA (2005) standard methods for the examination of water and 
wastewater. Bacterial measures of water quality included TPC, Total coliform and E. 
coli. Chlorophyll a, chlorophyll b, and total chlorophyll concentrations in plant 
tissues were also determined.  
 
Details of the statistical treatment of data are also to be found in the Chapter 3 
(Section 3.5), but in short included assessing CW treatment (removal) efficiencies 
given by [(influent concentration - effluent concentration)/influent concentration] × 
100 for each of the monitored variables. Due to small sample size and non-normal 
sampling distributions, statistically significant differences between all groups were 
assessed using the non-parametric statistical tests. 
 
6.3. Results and Discussion 
In the almost seven months of this trial, CW inlet pH was very stable at a mildly 
alkaline pH~7.9 ± 0.1, with outlet pH in the range ~7.5 – 7.8 for planted beds and pH 
8.1 for unplanted controls (Table 6.1), indicating that there was only limited 
buffering of the mildly alkaline wastewater (Table 6.1; Figure 6.1a). 
 
In this trial, the planted CWs caused an increase in the wastewater EC (average 
increase of ~2% for A. donax and 1.2% for P. australis planted CWs; Table 6.1; 
Figure 6.1b). This increase of EC is attributed to evapotranspiration processes in the 
planted CWs, and is consistent with El Hamouri et al. (2007), who concluded that 
one of the behavioural drawbacks of a HSSF CW for post-treatment of sewage 
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effluent is the water loss by evapotranspiration, which in their case was very high, 
reaching 11 and 17% for A. donax and P. australis, respectively. It is also observed 
that the inlet results for planted beds and unplanted control beds showed reductions 
of EC in the months of Feb, Mar and April (Figure 6.2a, b, c). After consultation 
with factory staff, this appears to be due to the reduced production of cheese in the 
factory; wastes from this process include salty whey, and hence less salty whey leads 
to lower effluent EC. 
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Table 6.1: Summary of CW treatment performance at HLR, 3.75 cm day
-1
 (median ± 25
th
 - 75
th
 percentiles, the interquartile range limiting 
values) for selected monitored physic-chemical parameters and microbial.  
alyte Treatment; n:Number of samples 
Main inlet A. donax P. australis unplanted 
Inlet Outlet RE Inlet Outlet RE Inlet Outlet RE 
pH 7.6 (7.6 - 7.7)
n=20 7.9 (7.9 - 8.0) n=30 7.8 (7.7 - 7.9) n=30  7.9 (7.9 - 8.0) n=30 7.5 (7.4 - 7.6) n=30  7.9 (7.9 - 8.0) n=20 8.1 (8.0 -8.1) n=20  
EC 8.9 (8.0 - 9.0)
 n=20 8.5 (7.5 - 9.1) n=30 8.7 (7.7 - 9.5) n=30  9.0 (7.6 - 9.2) n=30 9.1 (7.9 - 9.4) n=30  8.5 (7.5 - 9.1) n=20 8.2 (7.1 - 8.5) n=20  
mgL-1 
BOD 25.3 (24.1 - 27.3)
 n=20 24.0 (22.7 - 25.3) n=30 7.5 (5.9 -9.4) n=30 69 24.1 (22.7 - 25.3) n=30 9.1 (4.9 - 9.40) n=30 62 25.2 (24.5 - 26.6) n=20 8.6 (7.4 - 10.2) n=20 66 
SS 63.5 (59.0 - 66.9)
 n=20 37.4 (33.4 - 43.5) n=30 2.0 (0.3 - 3.5) n=30 95 37.9 (33.8 - 45.3) n=30 1.2 (0.5 - 2.2) n=30 97 34.5 (30.4 - 42.1) n=20 0.8 (0.3 - 1.3) n=20 98 
TP 75.0 (70.5 - 76.0)
 n=20 65.0 (60.0 - 76.0) n=30 65.0 (60.0 - 68.0) n=30 0 65.0 (60.0 - 68.0) n=30 67.0 (65.0 - 72.0) n=30 -3 55.5 (52.3 - 61.5) n=20 57.5(52.3 - 61.6) n=20 -3 
TN 180 (170 – 186)
 n=20 163 (161 – 171) n=30 120 (112 – 130) n=30 26 169 (152 – 175) n=30 114 (97 – 125) n=30 33 166 (159 – 173) n=20 123 (111 – 134) n=20 26 
TAN 175 (170 – 183)
 n=20 160 (160 – 168) n=30 110 (91.3 – 120) n=30 31 161 (150 – 170) n=30 98 (66 – 110) n=30 39 160 (148 – 160) n=20 120 (99 – 130) n=20 25 
NO3
- 0.04 (0.02 - 0.07)
 n=20 0.4 (0.13 - 0.83) n=30 3.5 (0.97 - 14.61) n=30 -807 1.0 (0.28 - 2.17) n=30 11.3 (4.52 - 15.95) n=30 -1025 3.0 (0.69 - 4.46) n=20 2.1 (1.38 - 2.77) n=20 30 
NO2
- 0.03 (0.01 - 0.04)
 n=20 0.8 (0.61 - 0.99) n=30 0.7 (0.35 - 0.71) n=30 17 0.9  (0.67 - 1.61) n=30 0.7 (0.09 - 3.03) n=30 23 0.4 (0.33 - 0.40) n=20 0.5 (0.51 - 1.30) n=20 -42 
Microbiology cfu 100 mL-1 
TPC 7.51 (7.44 - 7.55)
 n=14 7.31 (7.22 - 7.37) n=21 6.54 (6.46 - 6.67) n=21 0.77 7.31 (7.18 - 7.35) n=21 6.31 (6.06 - 6.42) n=21 1.00 7.38 (7.33 - 7.48) n=14 6.34 (6.18 - 6.65) n=14 1.04 
Total coliform 6.60 (6.47 - 6.66)
 n=14 6.44 (6.34 - 6.58) n=21 5.37 (5.24 - 5.50) n=21 1.07 6.37 (6.31 - 6.44) n=21 5.16 (4.94 - 5.37) n=21 1.21 6.14 (6.01 - 6.23) n=14 5.11 (4.94 - 5.35) n=14 1.03 
E.coli 5.55 (5.53 - 5.59)
 n=14 5.35 (5.31 - 5.42) n=21 4.36 (4.29 - 4.44) n=21 0.99 5.42 (5.38 - 5.44) n=21 4.54 (4.48 - 4.60) n=21 0.88 5.42 (5.39 - 5.45) n=14 4.53 (4.39 - 4.59) n=14 0.89 
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Figure 6.1: Box and whisker plots of (a) pH and (b) EC (mS cm
-1
) in the inlet and 
outlet of constructed wetlands of planted beds (AD; Arundo donax, PA; Phragmites 
australis) and unplanted control beds (C). Stars next to the values signify unusually 
large or small values, with respect to the others in the group. 
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Figure 6.2: Box and whisker plots of (a) A. donax, (b) P.australis, and (C) control in 
the monthly inlet EC of constructed wetlands. Stars next to the values signify 
unusually large or small values, with respect to the others in the group. 
 
Despite some variation in inlet BOD (long term median average inlet BOD 24.4 
mgL
-1
; min 19.3 mgL
-1
; max 29.2 mgL
-1
), the CWs produced effluent of a consistent 
quality, with the A. donax planted CWs doing so marginally better than the unplanted 
controls e.g. A. donax CW effluent 7.5 mgL
-1
; P. australis 9.1 mgL
-1
; unplanted 8.6 
mgL
-1
; Table 6.1). It is generally assumed that planted wetlands outperform 
unplanted controls mainly because the plant rhizosphere stimulates the microbial 
community (Gagnon et al., (2006); Vymazal and Kropfelova, 2008), and that the 
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plant rhizosphere enhances microbial density and activity by providing root surfaces 
for microbial growth (Gersberg et al., 1986). However, in this study there was no 
significant difference in BOD removal efficiencies between planted and unplanted 
CWs (P>0.007), with an average of ~ 66% removal for both planted beds and for 
unplanted control beds (Figure 6.3a). Moreover, there were no significant differences 
in BOD removal efficiency between plant species, even though the long term average 
median BOD removal in the A. donax planted beds (~69%) was slightly higher than 
that of the P. australis beds (~62% ; p>0.007). This consistent with the findings of 
Tanner et al., (1995a), who reported that removal of BOD, was not affected by the 
presence of vegetation in experimental wetlands in New Zealand. One possible 
reason for this observation is the lower ambient temperatures during the full strength 
trial, even though the influence of temperature on BOD removal in wetlands is not 
entirely clear. 
 
Filtration and sedimentation are the two principal mechanisms for TSS removal in 
HSSF CWs (Kadlec and Knight, 1996; Crites and Tchobanoglous, 1998; Vymazal 
and Kropfelova, 2008) and thus, despite some variation in inlet SS (long term 
average median inlet TSS 36.6 mgL
-1
; min 20.7 mgL
-1
; max 61.8 mgL
-1
), very high 
reductions in SS were achieved in this trial (Figure 6.3b). The CWs produced 
effluent of a consistent quality, with the both planted CWs and the unplanted controls 
showed similar results e.g. A. donax CW effluent 2.0 mgL
-1
; P. australis 1.2  mgL
-1
; 
unplanted 0.8 mgL
-1
 (Table 6.1). The role of macrophyte root zones in TSS removal 
in HSSF CWs has not been proven experimentally (USEPA, 2000), and these results 
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suggest that if TSS removal is the major aim of treatment, this can be achieved by 
gravel beds without macrophytes. 
 
Total P concentrations entering the CWs were in the range 55 – 65 mgL-1. These TP 
concentrations were within the ranges reported by other studies in dairy wastewater 
and livestock wastewater (25 – 100 mg TP L−1; Hammer, 1989a; Cronk, 1996; 
Knight et al., 2000), where concentrations varied depending on management 
practices, site characteristics, and climate. For instance, Vymazal (2011) in a study of 
the long term performance of ten CWs in the Czech Republic treating wastewater 
from combined sewer systems noted that the highest mean TP was 34 mgL
-1
. In that 
case, he concluded that TP removal is low and that HSSF CWs are not appropriate 
treatment technology for P removal when using gravel as filtration media. In this 
experiment the TP is higher compared to the short term trials (Chapter 5). After 
consultation with factory staff, it appears that this is due to the fact that during the 
short-term trials the factory had their annual break (where the production of skim 
milk powder, milk receivable and butter room was curtailed or with limited 
operation), whereas in this experiment, the production of milk was at its peak during 
the early summer months (which indicated by high TP in the waste effluent). 
 
There was little or no TP removal in this full strength study. The results indicated 
there was no reduction in TP in the effluent from the A. donax CWs (Table 6.1). In 
contrast, CWs planted with P. australis and in the unplanted controls, produced a 
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small increase in the outlet TP compared to the inlet (Figure 6.3c). Overall, this is 
indicative of a saturation of sorption sites in the media and sediment of the system 
(Reddy et al., 1998), and is consistent with the literature. It is known that in CWs, 
phosphorus is generally bound to the media as a consequence of adsorption and 
precipitation reactions with calcium (Ca), aluminium (Al) and iron (Fe). The most 
commonly chosen filter media, gravel, does not contain large amounts of these 
minerals, and thus gravel-based filter beds do not remove P for more than a few 
years (Vohla et al., 2011). Once P storage capacity is saturated, TP removal rates 
decline with potential for output to be higher than input with the release or de-
sorption of phosphorus (Kadlec and Knight 1996; Vymazal, 1998). For example, 
gravel-based systems treating secondary sewage effluent in Richmond, Australia, 
showed a decline in removal efficiency after only 1–2 years of operation (Mann and 
Bavor, 1993). Kadlec and Knight (1996) also report that initial P-removal rates from 
wetland systems in the U.S.A. are often in excess of 90%, but decline sharply after 
only 4–5 years of cumulative P addition. Geary and Moore (1999), in conducting 
research on dairy parlour wastewaters in the Hunter Valley, New South Wales, 
reported that the highest TP inlet concentration was 86.3 mgL
-1
 and that the removal 
rates decreased over time and on occasions the wetlands released phosphorus. 
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Figure 6.3: Box and whisker plots of (a) BOD, (b) SS and (c) TP concentrations 
(mgL
-1
) in the inlet and outlet of constructed wetlands of planted beds (AD; Arundo 
donax, PA; Phragmites australis) and unplanted control beds (C). Stars next to the 
values signify unusually large or small values, with respect to the others in the group. 
 
Main Inlet TN concentrations were high during this trial (long term average median 
inlet TN 180 mgL
-1
; min 110 mgL
-1
; max 220 mgL
-1
), and more than twice as high as 
those observed in the WCB effluent during the short-term, full-strength effluent trial 
(Chapter 5; average median inlet TN 115 mgL
-1
). Again, the higher TN was due to 
the fact that the highest production of milk, cheese and butter occurred during this 
trial (cf. the short-term trial). Interestingly, TN concentrations started to reduce in 
January and February, 2011, due to production problems (80% reduction in overall 
production) in the nearby Great Ocean Road Ingredient factory (which produces a 
galacto-oligosaccharide product from the WCB factory effluent, and which is used as 
a functional ingredient in infant formula, UHT milk, yoghurts, desserts and 
beverages). The levels of TN in the CW influent are lower than reported elsewhere, 
e.g. in studies conducted by Geary and Moore (1999), on dairy parlour wastewaters 
where the maximum TKN concentration was 364 ± 66 mgL
-1
 (with removal 
efficiencies of 43%). Kouki et al.,(2009) reported influent TN concentration of 205 ± 
70 mgL
-1
in domestic wastewater. In this case, removal efficiencies of only 38% were 
reported even though combined subsurface vertical and horizontal flow wetlands 
were used. Overall, there was some reduction in TN in the current trial (Table 1). 
The CWs did not produce effluent of a consistent quality rather TN concentrations in 
the CW effluent broadly followed the same trend as influent concentrations (Figure 
6.4a,b,c,d,e,f). There was no difference between the planted and unplanted controls, 
185 
 
e.g. A. donax CW effluent 120 mgL
-1
; P. australis 114 mgL
-1
; unplanted 123 mgL
-1
 
(Table 6.1). 
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Figure 6.4: Box and whisker plots of (a), (b) A. donax CWs; (c), (d) P. australis CWs 
and (e), (f) Control CWs concentrations (mgL
-1
) in the inlet and outlet of constructed 
wetlands. Stars next to the values signify unusually large or small values, with 
respect to the others in the group. 
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TAN concentrations in the effluent were also not very effectively removed by either 
the planted or unplanted CWs (only 31% removal for A. donax, 39% for P. australis 
and 25% for unplanted control beds ;Figure 6.5). Organic nitrogen is an important 
constituent of TN, especially of agricultural and industrial wastewaters (Vymazal and 
Kropfelova, 2008), and a large fraction (up to 100%) of organic nitrogen is readily 
converted to ammonia (Kadlec and Knight, 1996). The low TN and TAN removal 
efficiencies in both planted and unplanted beds are indicative of rapid 
ammonification of organic nitrogen in the wetlands. It might be inferred that most of 
the N reductions in the CWs would be caused by settling of organic solids on account 
of organic N reductions being higher than net ammonia gains. With such high main 
inlet TAN concentrations (175 mgL
-1
), considerable losses via volatilization are to be 
expected under the alkaline conditions of the anaerobic zone in the CWs (Aneja et 
al., 2001). Reddy and Patrick (1984) pointed out that losses of ammonia through 
volatilization from sediments are insignificant if the pH is below 7.5 and very often 
losses are not serious if the pH is below 8.0. From the apparent increase in NO3
-
 
concentrations (especially in the outlet of planted control beds) it appears that some 
degree of nitrification of TAN is occurring in the aerobic zone in the CWs. Since the 
analyses for NO2
-
 revealed negligible (near zero) concentrations, nitrification and 
subsequent denitrification is probably the major TAN removal pathway in the CWs.  
 
Nitrogen and phosphorus are vital for plant health and productivity, but applications 
in excess of requirements can result in transport to groundwater and surface water 
resources through leaching (Lawrie 1996), or undesirable effects on plants as a result 
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of excessive uptake (Robinson 1992). In this case, TN concentrations in the final 
effluent were well above the nitrogen long-term trigger value, and close to the upper 
limit of the short-term trigger value (Table5.32); TP concentrations in the final 
effluent were above the phosphorus short and long-term trigger values. Salinity and 
sodicity management is critical for all irrigation schemes, including those using 
recycled water. Defining appropriate criteria for the salinity and sodicity of irrigation 
water is a key consideration in Australia, one which depends on a number of factors, 
including water quality, soil properties, plant salt tolerance, climate, landscape and 
irrigation management practices. A key chemical consideration when recycling 
industrial waste water is its sodium adsorption ratio (SAR), which measures the 
relative concentration of sodium (Na
+
) to calcium (Ca
2+
) and magnesium (Mg
2+
). In 
conjunction with knowledge of the water’s EC, a SAR value can be used to predict 
impacts on soil structural stability (ANZECC and ARMCANZ 2000). From samples 
of plant effluent collected during the final stages of the acclimation phase, is clear 
that the WCB effluent has a high concentration of Na
+
 relative to other cations, with 
an average (SAR) of ~61. Moreover, the CW effluent’s EC (~9 mS cm-1) is close to 
the minimum required to maintain a stable soil structure at this SAR (ANZECC and 
ARMCANZ 2000). From a practical perspective, the infrastructure costs required to 
store and then distribute the large volume of effluent (~1.4 GL per annum), and the 
significant land area required for its disposal given its high nutrient concentrations, 
and that the effluent EC is above the average root zone salinity threshold for all but a 
limited number of pasture crops on very sandy soil (ANZECC and ARMCANZ 
2000), are likely to restrict its re-use in a region dominated by dairy farming.   
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Figure 6.5: Box and whisker plots of TAN concentrations (mgL
-1
) in the inlet and 
outlet of constructed wetlands of planted beds (AD; Arundo donax, PA; Phragmites 
australis) and unplanted control beds (C). Stars next to the values signify unusually 
large or small values, with respect to the others in the group. 
 
In this trial, substantial reduction in TPC, Total coliform and E. coli were observed in 
planted and unplanted CWs (Figure 6.6a, b and c). Using log10 reduction in pathogen 
numbers (R) as a measure of treatment efficiency, TPC reduction was 0.77, 1.00 and 
1.04 for A. donax,P. australis and unplanted controls, respectively. Total coliform 
removal efficiencies in planted beds were good (R: 1.07 for A. donax, 1.21 for P. 
australis) and unplanted control beds (R, 1.03). For E. coli R was similar in planted 
and unplanted controls (0.88 – 0.99). This data from a microbiological perspective 
indicates that the presence of plants in the HSSF CWs did not make a significant 
difference to bacterial removal efficiency. Also from a microbiological perspective, 
in this study the CWs effectively converted the WCB effluent into Class ‘D’ recycled 
water (E. coli<10000 cfu 100 mL
-1
; suitable only for non-food crops including used 
for growing instant turf, woodlots and flowers; EPA 1991).   
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Figure 6.6: Box and whisker plots of (a) TPC, (b) Total coliform, and (c) E. coli 
concentrations (Log10 (cfu 100mL
-1
)) in the inlet and outlet of constructed wetlands 
of planted beds (AD; Arundo donax, PA; Phragmites australis) and unplanted 
control beds (C). Stars next to the values signify unusually large or small values, 
with respect to the others in the group. 
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In this study, chlorophyll a concentration remained stable in A. donax tissues (112 – 
90 µg cm
-2
; Figure 6.7a). After an initial increase during the early summer, there was 
a declining trend in chlorophyll a concentration for P. australis (89 – 31 µg cm-2; 
Figure 6.7b), which perhaps suggests that the P. australis was stressed (Figure 6.8a 
and b).  
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Figure 6.7: Box and whisker plots of changes in the concentration of total 
chlorophyll, chlorophyll a, and chlorophyll b for (a) Arundo donax and (b) 
Phragmites australis (µg cm
-2
). Stars next to the values signify unusually large or 
small values, with respect to the others in the group. 
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Figure 6.8: Box and whisker plots of ratios of chlorophyll a to chlorophyll b for (a) 
Arundo donax and (b) Phragmites australis (µg cm
-2
). Stars next to the values signify 
unusually large or small values, with respect to the others in the group. 
 
However, the conclusion cannot be made that the apparent P. australis stress is due to 
the prolonged salinity exposure, since the decline is pronounced towards the end of 
the growing season, perhaps suggesting the P. australis was undergoing the process 
of senescence. This is consistent with Hocking (1989), who described how P. 
australis shoot growth continued throughout summer, and reached maximum in early 
autumn and declined thereafter until the end of July, when senescence was complete. 
 
The global energy crisis and continual soaring prices of fossil fuels force people to 
seek the new and recycled alternative energy sources (Liu and Lin 2009). One of the 
alternatives is the growing of energy crops, meaning the cultivation of plants 
specifically for energy production purposes - in this context, the above ground 
biomass from the wetland. Arundo donax is a promising ‘energy plant’ because of its 
high biomass yield (Angelini et al., 2005; Collura et al., 2005; González et al., 2006; 
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Styles and Jones, 2007). In this study, A. donax beds produced considerably more 
above ground biomass (37 ± 7.2 kg wet weight) than the P. australis beds (11 ± 1.4 
kg wet weight). Assuming comparable growth during a 250 day growing season, and 
a single-cut harvest, this standing crop equates to approximately 179 and 68 tonne 
ha
-1
 yr
-1
 biomass (dry weight) for A. donax and P. australis, respectively. Longer 
term trials and modeling of all actual and embedded energy inputs are required 
before the net energy balance of biomass produced by CW treatment systems planted 
with A. donax and P. australis can be determined.  
 
6.4. Conclusion 
The treatment performance and biomass production of experimental subsurface flow, 
gravel-based CWs planted with either Arundo donax or Phragmites australis 
challenged with WCB plant effluent was evaluated at a HLR of 3.75cm d
–1
.In 
general, the plants grew well during the seven month study period, with no obvious 
signs of salt stress. The major water quality parameters monitored (with the 
exception of TP) were generally improved after the effluent had passed through the 
CWs. However, there was no significance different in removal efficiencies between 
the planted beds and unplanted gravel beds (p>0.007), nor was there any significant 
differences in nutrient removal between the A. donax and P. australis beds for most 
parameters. There was no removal of TP in either planted or unplanted beds, 
apparently due to the saturation of P adsorption in the substrate. Bacterial removal 
was also observed but only to levels that would allow reuse of the effluent for use on 
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non - food crops. The hypothesis that the A. donax planted CWs would produce 
larger amounts of (potentially usable) above ground biomass than the P. australis 
planted CWs was confirmed. This study suggested that A. donax plants exhibited 
excellent growth characteristics in response to the high P, N, TAN and salt effluent 
applied.   
 
196 
 
CHAPTER 7 
 
 
7. Evaluation of the giant reed (Arundo donax) in horizontal sub-surface 
flow wetlands for treatment of recirculating aquaculture system effluent 
 
This chapter is presented substantively as the manuscript submitted to, and 
subsequently accepted by a peer-reviewed journal (with minor modification to 
conform to Thesis requirements, e.g. in the Materials and Methods section) as: Idris 
SM, Jones PL, Salzman SA, Croatto G, Allinson G. Evaluation of the giant reed 
(Arundo donax) in horizontal sub-surface flow wetlands for treatment of 
recirculating aquaculture system effluent. Environmental Science and Pollution 
Research 19(4): 1159-1170 
 
7.1. Introduction 
Recirculating aquaculture systems (RAS) have emerged as an innovative approach 
for holding and growing a wide variety of aquatic species in recent years. Defined as 
production units that recycle water by passing it through filters that remove 
metabolic and other waste products (De Iono et al., 2006), in comparison to 
traditional aquaculture practices (i.e. pond and cage culture) RAS offer greater 
independence from the external environment, i.e. increased levels of control, which 
can provide a basis for improved risk management (De Iono et al., 2006; Rawlinson 
2002). However, the environmental impacts of waste from large-scale, intensive 
aquaculture can be substantial (Crooker and Contreras 2010). Constructed wetlands 
(CWs) are able to provide biological treatment of such waste waters, including 
removal of particulate nutrient material (Milden and Redding 1988). Horizontal sub-
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surface flow wetlands (HSSF CWs), where the water flows through a planted mineral 
filter usually consisting of a gravel matrix, have been applied to flow through and 
pond-based systems (e.g. see Schwartz and Boyd 1995; Comeau et al., 2001; Schulz 
et al., 2003; Sindilariu et al., 2007; Maltais-landry et al., 2007; Sindilariu et al., 
2009), but little research has been undertaken using effluents from freshwater RAS 
finfish production. 
 
The proper functioning of a CW for water treatment relies on the interaction of three 
components, namely water quality, wetland design and the wetland plants, and 
subsequently its on-going proper maintenance and operation. The  plants (aquatic 
macrophytes) are often the dominant visual feature of CWs, and with microbial 
biofilms play several vital roles in nutrient removal, transformation and storage. The 
giant reed (Arundo donax) is an exotic perennial, herbaceous plant now found in 
most parts of Australia, including in Victoria that has some characteristics that make 
it suitable for use in CWs for wastewater treatment. These include its fast growth 
rate, high water consumption, apparent salt tolerance, ease of propagation from 
rhizomes, limited number of pests, and the many potential uses for above ground 
biomass (Perdue, 1958). The giant reed has been planted in free-water surface CWs 
in Arizona (Karpiscak et. al., 1996) and Crete (Manios et al., 2002), but there is 
limited information on use of A. donax in HSSF CWs. Terzakis et al., (2008) 
reported the use of mixed stands of A. donax and P. australis in HSSF and FWS 
CWs for the treatment of highway run-off in Crete, where the systems achieved a 
mean (two-year) removal efficiency for chemical oxygen demand (COD) of 47%, for 
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total suspended solids (TSS) of 89%, for total nitrogen (TN) of 49%, and 60% for 
total phosphorus (TP). In all three cases, the tendency for impenetrable stands of A. 
donax to rapidly dominate mixed reed-bed systems was noted. 
 
The Deakin University Aquaculture Centre (DAC) is located on DeakinUniversity’s 
Warrnambool Campus in south-west Victoria. The facility consists of four 
independent, indoor, climate controlled RAS equipped with independent water 
treatment plants in which water is treated via rotating drum-screen filter, floating 
micro-bead, up-flow filters and ultraviolet sterilization. Return water is pumped via a 
pressurized reactor into which oxygen is injected and the water supersaturated for 
subsequent use in heavily-stocked tanks. The RAS system is designed for 
commercial grow-out and production of finfish, and for commercially orientated 
broodstock conditioning, and produces 20-28 ML of effluent per year. Currently, the 
DAC’s effluent is discharged to sewer. Salt is added to RAS water for the 
prophylactic treatment of fish diseases and to block nitrite toxicity (since sodium and 
chloride ions relieve osmotic stress caused by loss of ions from the fishes’ body 
fluids during handling and other forms of stress caused by intensive animal 
husbandry), and thus the DAC RAS effluent contains significantly elevated levels of 
salts. As part of a larger study investigating the use of CWs to treat agro-industrial 
effluent with electrical conductivity (EC) above 2000 µS cm
-1
, the opportunity arose 
to assess the effectiveness of treating DAC RAS effluent on-site. The specific 
objectives of this study were: (i) to compare the performance of A. donax and 
Phragmites australis in gravel substrate wetlands, (ii) to compare planted and 
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unplanted beds, and (iii) to examine the efficiency of a year old wetland for RAS 
effluent treatment. 
 
7.2. Materials and Methods 
Experimental setup 
The design and set-up of the CWs is described in Section 3.4.2, but in short nine 
horizontal sub-surface flow CWs constructed at the Deakin Aquaculture Centre 
(DAC) and were set up in a rows. The CW system in this study consisted of a 5000 L 
storage/distribution tank and a 600 L delivery tank associated with each of the 
wetland cells. Suspended solids removal was the prime objective of the storage 
(settling) tank (Chapter 3 ; Figure 3.3). The smaller delivery tanks also assisted with 
suspended solids removal. For the wetland cells the objective was to accomplish 
tertiary treatment. 
 
Sampling and analyses 
Details on the sampling and analytical procedures can be found in the Chapter 3 
(Section 3.5), but in short included the measurement of main tank, and CW inlet and 
outlet water samples for TN, TAN, NO3-N, NO2-N, TP, BOD5, SS (dry weight) 
following APHA (2005) standard methods for the examination of water and 
wastewater. Total organic carbon (TOC) was determined by measuring total carbon 
(TC) and inorganic carbon (IC) in the unfiltered samples and then subtracting the IC 
from the TC. Water samples were also screened for a range of trace metals, including 
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Al, B, Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn. Bacterial measures of water quality 
included TPC, Total coliform and E. coli. Chlorophyll a, chlorophyll b, and total 
chlorophyll concentrations in plant tissues were also determined.  
 
Details of the statistical treatment of data are also to be found in the Chapter 3 
(Section 3.5), but in short included assessing CW treatment (removal) efficiencies 
given by [(influent concentration - effluent concentration)/influent concentration] × 
100 for each of the monitored variables. Due to small sample size and non-normal 
sampling distributions, statistically significant differences between all groups were 
assessed using the non-parametric statistical tests. 
 
7.3. Results and discussion 
Often CWs for industrial pollution control have a sedimentation/retention pond to 
aerate the wastewater before the wastewater enters the treatment beds (although there 
appears to be little compelling evidence for the need to do so), and to drop as much 
sediment as possible from it (Kadlec and Wallace 2009). From this perspective, the 
5000L and 600L water storage tanks act as a surrogate sedimentation/retention pond. 
In this experiment, sedimentation and filtration by the CWs effectively removed 93-
95% and 66-97% of BOD and TSS, respectively, from the RAS effluent, of which 
the retention zone i.e. the storage tanks, removed ~4% of the BOD and ~15% of 
TSS. 
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Kadlec and Knight (1996) note that for the most part treatment wetlands buffer 
influents that are only either slightly acidic or basic, to near neutrality. This was not 
observed in this study. Although the CW inlet pH was typically only slightly alkaline 
(~ pH 7.5), outlet pH (all CWs) was more alkaline (pH 7.7 - 8.1; Table 7.1), with the 
outlet pH increased to a greater extent in the unplanted beds (average effluent pH 
8.1) than the planted beds (average effluent pH 7.6 for A. donax; pH 7.7 for P. 
australis; Figure 7.1a). The electrical conductivity (EC) of the CW effluent was 
unchanged for unplanted CWs, but slightly elevated (cf. influent) for planted CWs 
(Table 1). The increase in EC was most notable in the A. donax planted CW effluent 
(~3600 µS cm
-1
; Figure 7.1b). This increase of EC is attributed to evapotranspiration 
processes in the planted CWs. 
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Table 7.1 : Summary of CW treatment performance (median ± 25
th
 - 75
th
 percentiles, the interquartile range limiting values) for selected 
monitored physic-chemical parameters and bacterial 
Analyte  Treatment; n:Number of samples 
Main 
inlet 
A. donax P. australis Unplanted 
inlet outlet RE inlet outlet RE inlet outlet RE 
pH 7.5 (7.5 - 7.8)
 n=12 7.5 (7.3 - 7.6) n=18 7.6 (7.5 - 7.8) n=18  7.5 (7.5 - 7.6) n=18 7.7 (7.6 - 7.8) n=18  7.5 (7.5 - 7.5) n=18 8.1 (8.0 - 8.1) n=18  
EC 2647 (2626 - 2901)
 n=12 2689 (2623 -2893) n=18 3695 (2831 - 4222) n=18  2651 (2614 - 2904) n=18 3001 (2765 – 3170) n=18  2662 (2624 – 2880) n=18 2716 (2405 – 2869)n=18  
Hardness 258 (240 - 290)
 n=12 257 (236 - 305) n=18 327 (294 - 473) n=18  263 (248 - 290) n=18 309 (260 - 352) n=18  261 (256 – 271) n=18 325 (254 – 367) n=18  
mgL-1 
BOD 28.3 (25.3 - 28.5)
 n=12 27.3 (21.6 - 30.0) n=18 1.7 (0.6 - 4.7) n=18 94 26.8 (23.3 - 30.0) n=18 1.4 (0.6 - 3.4) n=18 95 26.8 (23.4 - 29.8) n=18 1.9 (0.9 - 4.1) n=18 93 
TOC 18.1 (13.1 - 20.0)
 n=12 14.9 (12.9 - 19.7) n=18 6.1 (5.1 - 7.5) n=18 59 15.6 (12.7 - 18.5) n=18 3.2 (2.7 - 4.0) n=18 79 13.8 (13.0 - 23.0) n=18 3.1 (1.6 - 3.6) n=18 78 
TSS 17 (12 - 27)
 n=12 24 (13 - 30) n=18 8 (2 - 15) n=18 67 23 (17 - 36) n=18 3 (1 – 22) n=18 87 21 (17 - 31) n=18 1 (0 – 5) n=18 95 
TP 14.3 (2.9 - 23.9)
 n=12 13.5 (4.0 - 24.1) n=18 0.5 (0.3 - 0.8) n=18 96 12.6 (4.0 - 24.2) n=18 0.6 (0.2 - 0.8) n=18 95 14.1 (4.2 - 24.0) n=18 1.5 (1.0 - 1.7) n=18 89 
TN 35.1 (28.8 – 39.5)
 n=12 32.1 (27.9 – 39.0) n=18 1.0 (0.7 – 1.6) n=18 97 32.1 (28.3 – 40.1) n=18 0.8 (0.6 – 1.5) n=18 98 32.6 (28.7 – 38.2) n=18 7.1 (4.2 – 12.7) n=18 78 
TAN 33.4 (27.7 - 38.8
 n=12 29.8 (27.7 - 36.4) n=18 0.12 (0.10 - 0.15) n=18 99.6 30.3 (27.4 - 36.2) n=18 0.10 (0.06 - 0.16) n=18 99.7 30.8 (27.7 - 36.8) n=18 2.1 (1.6 - 3.5) n=18 93 
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Table 7.1: Continued 
Analyte  Treatment 
Main 
inlet 
A. donax P. australis Unplanted 
inlet outlet RE inlet outlet RE inlet outlet RE 
Major Anions 
NO3
- 0.00 (0.00 – 0.00) n=12 0.00 (0.00 – 0.00) n=18 0.00 (0.00 – 0.01) n=18 0 0.00 (0.00 – 0.00) n=18 0.03 (0.00 – 0.09) n=18 0 0.00 (0.00 – 0.00) n=18 14.2 (5.4 – 25.1) n=18 -1425 
NO2
- 0.00 (0.00 – 0.00) n=12 0.00 (0.00 – 0.00) n=18 0.00 (0.00 – 0.00) n=18 0 0.00 (0.00 – 0.00) n=18 0.00 (0.00 – 0.00) n=18 0 0.00 (0.00 – 0.00) n=18 0.01 (0.00 – 0.27) n=18 -1 
PO4
3- 3.49 (2.73 – 4.02) n=12 2.94 (2.29 – 3.41) n=18 0.04 (0.03 – 0.13) n=18 99 3.68 (1.88 – 4.08) n=18 0.06 (0.01 – 0.11) n=18 98 3.60 (1.80 -  3.92) n=18 0.44 (0.23 – 0.77) n=18 88 
SO4
2- 42.8 (35.5 – 45.1) n=12 38.5 (33.6 – 44.5) n=18 0.78 (0.19 – 2.80) n=18 98 40.9 (34.4 – 44.5) n=18 4.1 (0.26 – 18.8) n=18 90 38.2 (32.4 – 42.9) n=18 23.6 (3.7 – 43.4) n=18 38 
Br- 0.90 (0.83 – 0.98)
 n=12 0.88 (0.76 – 0.93) n=18 1.20 (0.88 – 1.55) n=18 -36 0.84 (0.79 – 0.94) n=18 1.03 (0.88 – 1.27) n=18 -23 0.83 (0.65 – 0.95) n=18 0.82 (0.65 – 0.98) n=18 1 
Cl- 518 (486 – 536)
 n=12 491 (449 – 556) n=18 713 (501 – 985) n=18 -45 522 (479 – 565) n=18 637 (547 – 732) n=18 -22 536 (437 – 559) n=18 580 (447 – 668)n=18 -8 
F- 0.06 (0.04 – 0.16)
 n=12 0.05 (0.03 -  0.13) n=18 0.09 (0.06 – 0.15) n=18 -80 0.06 (0.03 – 0.08) n=18 0.12 (0.07 – 0.15) n=18 -100 0.04 (0.03 – 1.01) n=18 0.18 (0.16 – 0.20) n=18 -350 
Major cations 
Ca 44.6 (40.5 – 52.9) 
n=12 44.6 (41.6 – 52.4) n=18 25.4 (18.9 – 33.0) n=18 42.9 44.24 (37.3 – 52.0) n=18 32.1 (14.6 – 38.0) n=18 27.6 47.32 (43.2 – 49.1) n=18 44.9 (29.4 – 55.1) n=18 5 
K 9.2 (8.9 – 9.4)
 n=12 9.3 (8.9 – 9.7) n=18 21.8 (14.1 – 21.8) n=18 -135 9.2 (9.0 – 9.8) n=18 31.6 (23.9 – 42.7) n=18 -243 9.1 (8.8 – 9.8) n=18 50.0 (40.8 – 60.5) n=18 -450 
Mg 36.1 (34.6 – 37.5)
 n=12 35.4 (34.6 – 38.3) n=18 64.2 (59.4 – 94.0) n=18 -82 36.8 (35.1 – 38.3) n=18 56.7 (50.2 – 65.8) n=18 -54 35.8 (34.7 – 38.4) n=18 50.2 (43.1 – 65.7) n=18 -40 
Na 347 (304 – 366)
 n=12 350 (307 – 373) n=18 490 (309 – 538) n=18 -40 356 (316 – 384) n=18 423 (357 – 467) n=18 -19 349 (283 – 383) n=18 351 (315 – 389) n=18 -0.6 
SAR 9.4 9.5 11.8  9.6 10.4  9.3 8.6  
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Table 7.1: Continued 
Analyte  Treatment 
Main 
inlet 
A. donax P. australis Unplanted 
inlet outlet RE inlet outlet RE inlet outlet RE 
Trace elements 
Al 0.04 (0.00 - 0.12)
 n=12 0.00 (0.00 - 0.11) n=18 0.00 (0.00  - 0.12) n=18 0 0.00 (0.00 - 0.11) n=18 0.00 (0.00 - 0.12) n=18 0 0.00 (0.00 - 0.12) n=18 0.00 (0.00 - 0.12) n=18 0 
B 0.08 (0.07 - 0.09)
 n=12 0.07 (0.07 - 0.09) n=18 0.08 (0.07 - 0.08) n=18 -14 0.08 (0.07 - 0.09) n=18 0.08 (0.08 - 0.08) n=18 0 0.08 (0.07 - 0.09) n=18 0.07 (0.07 - 0.07) n=18 13 
Cu 0.00 (0.00 - 0.00)
 n=12 0.00 (0.00 - 0.00) n=18 0.01 (0.00 - 0.01) n=18 -1 0.00 (0.00 - 0.00) n=18 0.01 (0.01 - 0.01) n=18 -1 0.00 (0.00 - 0.00) n=18 0.03 (0.02 - 0.04) n=18 -3 
Fe 0.06 (0.05 - 0.10)
 n=12 0.05 (0.04 - 0.11) n=18 0.03 (0.03 - 0.06) n=18 40 0.06 (0.04 - 0.09) n=18 0.03 (0.01 - 0.07) n=18 50 0.05 (0.03 - 0.10) n=18 0.03 (0.02 - 0.06) n=18 40 
Mn 0.00 (0.00 - 0.00)
 n=12 0.00 (0.00 - 0.00) n=18 0.00 (0.00 - 0.00) n=18 0 0.00 (0.00 - 0.00) n=18 0.00 (0.00 - 0.00) n=18 0 0.00 (0.00 - 0.00) n=18 0.00 (0.00 - 0.00) n=18 0 
Zn 0.00 (0.00 - 0.00)
 n=12 0.00 (0.00 - 0.00) n=18 0.00 (0.00 - 0.00) n=18 0 0.00 (0.00 - 0.00) n=18 0.00 (0.00 - 0.00) n=18 0 0.00 (0.00 - 0.00) n=18 0.00 (0.00 - 0.00) n=18 0 
S 16.5 (13.1 – 17.0)
 n=12 16.4 (13.1 - 17.0) n=18 0.59 (0.50 - 1.61) n=18 96 16.2 (13.0 - 17.7) n=18 1.96 (0.55 - 7.38) n=18 88 16.7 (13.3 - 17.2) n=18 9.8 (1.6 - 16.6) n=18 41 
Microbiology Log10 (cfu 100 mL
-1) 
TPC 6.86 (6.86 - 6.94)
 n=10 6.86 (6.86 - 6.94) n=15 6 (5.64 - 6.18) n=15 0.86 6.86 (6.86 - 6.94) n=15 5.86 (5.73 - 6.11) n=15 1.00 6.86 (6.86 - 6.94) n=15 6.11 (5.88 - 5.11) n=15 0.75 
Total 
coliform 
6.20 (6.18 - 6.72) n=10 6.20 (6.18 - 6.54) n=15 4.67 (4.43 - 4.00) n=15 1.53 6.20 (6.18 - 6.61) n=15 4.69 (4.49 - 4.82) n=15 1.50 6.20 (6.18 - 6.62) n=15 4.41 (4.11 - 4.76) n=15 1.79 
E. coli 4.71 (4.71 - 5.18)
 n=10 4.71 (4.71 - 5.18) n=15 0 (0 - 3.30) n=15 4.71 4.71 (4.71 - 5.18) n=15 0 (0 - 3.52) n=15 4.71 4.71 (4.71 - 5.18) n=15 3.26 (3.00 - 3.54) n=15 1.45 
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Figure 7.1: Box and whisker plots of (a) pH and (b) EC (µS cm
-1
) in the inlet and 
outlet of constructed wetlands of planted beds (AD; Arundo donax, PA; Phragmites 
australis) and unplanted control beds (C). Stars next to the values signify unusually 
large or small values, with respect to the others in the group. 
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removal in the planted beds (94.3%) the same as the unplanted control beds (92.9%; 
p>0.007; Figure 7.2a). Moreover, there were no significant differences (p>0.007) in 
nutrient removal efficiency between plant species. For instance, average BOD 
removal in the A. donax beds (93.8%) was similar to that of the P. australis beds 
(94.8%). Brisson and Chazarenc (2009) suggest that choosing the correct species can 
positively affect treatment performance, and this may be the case when the 
macrophyte cover in the study’s CWs matures. Vymazal and Krőpfelová (2005) 
suggest that P. australis may take up to 3 years before reaching maturity, and while 
is not clear how long it will be for A. donax to mature in a CW context, using a 
young plant cover may have underestimated the real relative treatment efficiencies of 
these species.  
 
Although at the higher end of the range reviewed by Kadlec (2009), the HLR utilised 
in this study was consistent with those reported by Vymazal and Krőpfelová (2009) 
for CWs treating agricultural and treated municipal wastewater. Despite the 
immature plants, the treatment efficiency of the experimental CWs performed as well 
as systems treating waters of similar BOD (5.9-16 mgL
-1
; 54-81% removal; Vymazal 
and Krőpfelová 2009). In addition to overall treatment efficiency, final effluent water 
quality is a key performance measure that must be considered when assessing CWs. 
In this case, despite some variation in influent water quality, for the most part the 
CWs produced effluent of a consistent quality. For instance, although typically 
influent BOD to P. australis planted CWs was 26.8 mgL
-1
, and maximum 
concentrations reached 36 mgL
-1
, these beds consistently discharged effluent with 
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BOD ~1.4 mgL
-1
. A similar observation was observed with the A. donax planted 
beds: average influent BOD 27.3 mgL
-1
, maximum concentrations reached 35 mgL
-1
, 
yet the A. donax planted cells consistently discharged effluent with BOD ~1.7 mgL
-1
. 
Overall, final effluent concentrations in the planted beds were in accord with 
background BOD concentrations (1 mgL
-1
) reported by Kadlec (2009) for wetlands 
treating water with BOD in the range 0-30 mgL
-1
.  
 
It is interesting to note that for SS, the unplanted beds appeared to outperform the 
planted beds with average removal efficiency of 95.2% and 76.9%, respectively (A. 
donax 66.7%, P. australis 87%; Figure 7.2b). However, SS removal in the planted 
beds may have been underestimated since the effluent from planted beds contained 
an unknown milky-brownish material that interfered with the analyses of SS (CWs 
planted with A. donax excreted more of the milky brownish effluent than P. australis 
planted CWs).  
 
Nutrients in effluents from fish farms are normally observed at more dilute 
concentrations than domestic wastewaters, yet, from a regulatory perspective, 
treatment wetlands face similar constraints, i.e. to remove phosphorus from the water 
(Comeau et al., 2001). In this study, TP removal efficiency of the planted and 
unplanted CWs was similar (A. donax, 96.3%; P. australis, 95.2%; unplanted beds, 
89.3%; Table 1; Figure 7.2c). Total phosphorus removal in wetlands involves 
physical, chemical and biological forces influencing the different TP components 
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(Kadlec and Knight 1996), and the data obtained from this study suggests that stable 
phosphorus removal may be achieved without complete vegetation being established. 
This is consistent with Lin et al.,’s (2002) conclusion that SSF wetlands show 
efficient phosphate removal as soon as the wetlands began to receive flow, even 
when the vegetation is sparse, and that gravel adsorption determines the initial 
efficient phosphate removal, but that adsorption may decrease with time as sorption 
sites on the gravel become saturated.   
 
The removal efficiency of TN in the 1 year old planted CWs (A. donax, 97%; P. 
australis, 98%) was much better than for the unplanted CW beds (78%; Table 1; 
Figure 7.2d). There was, however, no difference in removal efficiency for TAN, 
being high for both planted beds and unplanted beds (99.7% and 93.2%, respectively; 
Figure 7.2e). This data suggests that consistent performancein nitrogen removal can 
be obtained in immature CWs. This is consistent with observation of TN removal in 
the Tres rios treatment wetland, Arizona, USA, which also became efficient after 1 
year of operation (IWA 2000). Lin et al., (2002) suggest that this occurs because the 
presence of gravel in HSSF wetlands provides more specific surface area for biofilm 
growth. Vymazal and Krőpfelová (2009) further suggest that planted wetlands out-
perform unplanted controls in nitrogen removal because the plant rhizosphere 
provides a source of carbon compounds through root exudates, a micro-aerobic 
environment via root oxygen release, and stimulates microbial community density 
and activity by providing root surface for microbial growth. The high TAN treatment 
rate suggests nearly complete transformation of TAN into nitrite and nitrate, i.e. a 
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high nitrification rate in the wetland (Sindilariu et al., 2008).  However, the 
significant pH decreases, typically observed in wetlands when ammonia is used as 
the nitrogen source for nitrification (Hagopian and Riley 1998; Tchobanoglous et al., 
2003; Eding et al., 2006; Sindilariu et al., 2008) were not observed. Indeed, in this 
study slight pH increases were observed, perhaps as the result of one or more 
possible processes, e.g. incorporation of ammonia into microorganism cells, nitrate 
being the nitrogen source for the microorganisms in the wetland, or, if there were 
organic amino compounds in the CWs, the pH rising as such compounds are 
deaminated (Lin et al., 2005). There was no removal of nitrate in the A. donax CWs, 
with increased nitrate concentrations in P. australis and unplanted CW effluents 
(Table 1). This is consistent with Lin et al., (2005) and Shultz et al., (2003), and may 
have been due to lack of organic substrate needed to fuel denitrification.  
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Figure 7.2: Box and whisker plots of (a) BOD, (b) SS, (c) TP, (d) TN and (e) TAN 
concentrations (mgL
-1
) in the inlet and outlet of constructed wetlands of planted beds 
(AD; Arundo donax, PA; Phragmites australis) and unplanted control beds (C). Stars 
next to the values signify unusually large or small values, with respect to the others 
in the group. 
 
Currently the DAC effluent is disposed to sewer. One option for the disposal of the 
final effluents is recycling on to land, e.g. in this case onto the campus golf course or 
use within a nearby horticultural teaching unit. With respect to the latter, for some 
nutrient parameters the CWs effectively converted the RAS effluent into Class ‘A’ 
recycled water (e.g. < 10 mgL
-1
 BOD, < 5 mgL
-1
 SS (except A. donax CWs); 
Victoria EPA 1991) which may make the effluent suitable for horticultural use. 
Nutrients, such as nitrogen and phosphorus, are vital for plant health and 
productivity, but applications in excess of requirements can result in transport to 
groundwater and surface water resources through leaching (Lawrie 1996; Dillon et 
al.,1996; Gallegos et al., 1999), or undesirable effects on plants as a result of 
excessive uptake (Robinson 1992). In this case, TN concentrations in the final 
effluent were below the nitrogen long-term trigger value (Table 7.2); TP 
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concentrations in the final effluent were above the phosphorus long-term trigger 
value, but in the range acceptable for short-term applications. Salinity and sodicity 
management is critical for all irrigation schemes, including those using recycled 
water. Defining appropriate criteria for the salinity and sodicity of irrigation water 
depends on a number of factors, including water quality, soil properties, plant salt 
tolerance, climate, landscape and irrigation management practices. However, it is 
clear that the DAC effluent has a high concentration of Na
+
 relative to other cations, 
with an average sodium adsorption ration (SAR) of 9.4, increasing following CW 
treatment in the planted beds, e.g. A. donax 11.8, P. australis 10.4 (Table 7.1). 
Moreover, because the CW effluent’s EC (~2.6 mS cm-1) is close to the minimum 
required to maintain a stable soil structure at this SAR, soil deterioration is possible 
(ANZECC and ARMCANZ 2000), careful salt and nutrient management will be 
required if the DAC aquaculture wastewater is recycled to land following CW 
treatment. 
 
The anions monitored (Table 7.1) clearly indicate that the planted beds outperform 
the unplanted control beds. Meaning, the planted beds more efficient at removing 
NO3
-
, NO2
-
 and PO4
3-
 compared to unplanted control beds.  This can be explained by 
where the water in the planted beds CWS is more exposed to the media and the reed 
roots where the plant uptake plays a role in NO3
-
 removal. Similar to nitrate removal, 
the PO4
3-
for the planted beds perform better removal than unplanted control beds. 
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Table 7.2: Regulatory and aquaculture water quality guideline values for selected 
measured parameters 
Analyte  Recycling guideline values 
RAS EPA Irrigation 
a
 
 ‘A’ max b STV C LTV d 
pH 6.5 - 8.5 6-9    
mgL
-1
 
BOD <15 <10    
SS <5 <5    
TP <3  0.05 
e
  0.8 – 12 f 
TN   5  25 – 125 f 
TAN <1     
NO3
- 
<400     
NO2
- 
< 1     
Ca 4-160     
K <5     
Mg <15     
Na <75     
Microbiology cfu 100 mL
-1
 
TPC <200,000    
Total coliform <500    
E.coli <10 <10    
a
 from Stevens (2006); 
b
EPA (1991); 
c
 short-term, up to 20 years; 
d
 long-term, up to 
100 years; 
e
 to minimise bioclogging of irrigation equipment only; 
f
 requires site 
specific assessment. 
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This is attributed to the increased potential of contact between the water and the 
media–root plant matrix in the CWs which leads to higher chemical oxidation due to 
the presence of iron and aluminium oxides within the minerals of the media. It is 
known that orthophosphate is believed to be mainly removed by chemical oxidation 
of phosphate. However, CW plant uptake also plays an important role in the 
reduction of PO4
3-.
 As the concentration of sulphates at the inflow was high, it 
probably accelerated the growth of sulphate reducing bacteria, which could play an 
important role in the mineralization of present organic substances. However, chloride 
and fluoride concentration seems to be increased for both the planted and unplanted 
control beds, this may be due to the fact that the removal of chloride ions in wetland 
systems is believed to occur rapidly through chemical precipitation (USEPA, 1993).  
Fluoride concentration is the highest concentration in unplanted control beds, this is 
inline study conducted by Kroger et al., 2009, suggest that with the presence of 
vegetation will increase the chemical residence time, chemical removal rates will 
improve, and as a result increase the possibility of microbial transformation, 
adsorption, and plants assimilation. 
 
The effectiveness of wastewater treatment systems with respect to the elimination of 
microbiological pollution is often measured by determining the densities of total 
coliforms and faecal coliforms in effluent wastewater (Mungray and Patel 2011). 
Microbial pollution removal may occur via physical, chemical and biological means 
(Pundsack et al., 2001; Vymazal 2005), including filtration and adsorption (Stevik et 
al., 2004), chemical oxidation, predation by nematodes and protists, activity of lytic 
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bacteria or viruses, retention in biofilms and natural die-off (Seidel 1976; Gersberz et 
al., 1989 a,b;  Hatano et al., 1993; Brix 1997; Decamp and Warren 1998; Decamp et 
al., 1999), and the release of antimicrobial compounds from the roots of wetland 
plants. In this study, although in percentage terms the reduction in TPC for the 
planted beds was good (88%) and similar to those of the unplanted beds (82%; 
Figure 7.3), there were still significant numbers of pathogens in the CW effluent. 
Using log10 reduction in pathogen numbers (R) as a measure of treatment efficiency, 
for TPC, R was 0.86 for A. donax and 1.00 for P. australis planted CWs, and 0.75 for 
the unplanted beds (Table 7.1); for Total coliform, R was 1.53 for both A. donax and 
P. australis planted beds, and 1.79 for the unplanted beds. E. coli removal was close 
to 100% for both planted and unplanted beds (R, 4.71). In Victoria, the concentration 
of E. coli in recycled water is the specified and strongly preferred microbiological 
indicator, i.e. recycled waters are primarily classified according to E. coli levels 
(EPA 1991). In this case, from a microbiological perspective, the CWs effectively 
converted the DAC effluent into Class ‘A’ recycled water (E. coli< 10 cfu 100 mL-1; 
suitable for use on human food crops eaten raw; EPA 1991), and, moreover, reduced 
effluent coliforms to below levels appropriate for reuse of the water in aquaculture 
(e.g. Total coliform <500 cfu 100 mL
-1
; Table 2).   
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Figure 7.3: Box and whisker plots of (a) TPC, (b) Total coliform and (c) E. coli 
concentrations (Log10 (cfu 100mL
-1
)) in the inlet and outlet of constructed wetlands 
of planted beds (AD; Arundo donax, PA; Phragmites australis) and unplanted 
control beds (C). Stars next to the values signify unusually large or small values, 
with respect to the others in the group. 
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The effect of the salt content of the aquaculture wastewater on the development of  
A. donax and P. australis was assessed by visually monitoring plant tissues, and 
measuring the concentration of chlorophyll a, chlorophyll b and total chlorophyll 
(chlorophyll a + chlorophyll b) (Figure 7.4 (a) and (b)). For A. donax, chlorophyll a 
concentrations were stable to week 7 (88 – 89 µg cm-2) but dropped significantly 
thereafter (week 9, 59 µg cm
-2
). No significant changes (p>0.007) were observed in 
chlorophyll a concentrations in P. australis tissues (63 - 72 µg cm
-2
). In conjunction 
with a lack of obvious signs of salt stress in leaf tissues, no significant changes were 
observed in chlorophyll a : b ratio (Figure 7.5 (a) and (b)), suggesting that there was 
no short-term toxic impact on the plants (Manios et al., 2003;Ewais 1997; Gadallah 
1994). 
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Figure 7.4: Box and whisker plots of changes in the concentration of total 
chlorophyll, chlorophyll a, and chlorophyll b for (a) Arundo donax and (b) 
Phragmites australis (µg cm
-2
). Stars next to the values signify unusually large or 
small values, with respect to the others in the group. 
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Figure 7.5: Box and whisker plots of ratios of chlorophyll a to chlorophyll b 
concentrations for (a) Arundo donax and (b) Phragmites australis. Stars next to the 
values signify unusually large or small values, with respect to the others in the group. 
 
In this study, as expected, the A. donax beds produced considerably more above 
ground biomass (15 ± 3.4 kg wet weight) than the P. australis beds (7.4 ± 2.8 kg wet 
weight). Assuming comparable growth during a 250 day (September – April) 
growing season, and a single-cut harvest, this equates to approximately 125 and 77 
tonne ha
-1
 yr
-1
 biomass (dry weight) for A. donax and P. australis, respectively. 
Although it is not listed as a noxious or invasive weed in Victoria, and there are no 
restrictions on its possession or use, because the giant reed has some traits that make 
it a potential weed (e.g. fast growth rate, rhizomial propagation and rapid re-growth, 
and particularly flood-mediated rhizome dispersion leading to invasion of riparian 
zones), there are legitimate concerns that if there is widespread use of this plant in 
CWs for pollution control it could become another weed in southern Australia. There 
are, however, good reasons why this is not likely to be the case, including the fact 
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that A. donax has been resident in the southern states of Australia, including Victoria, 
for at least 100 years without becoming a rampant weed, and the plant’s reproductive 
habits, most notably that it does not appear to produce viable seed outside south 
Asia, restricts its ability to spread. Consequently, perhaps the most attractive reason 
for using A. donax in HSSF CWs may be the opportunities for co-product uses of its 
biomass. For instance, Lewis and Jackson (2002) suggest that A. donax is suitable for 
direct substitution for hardwoods in existing kraft pulp mills without major 
equipment changes. Cosentino et al., (2006)and Ververis (2004) suggested A. donax 
as one of the most promising for energy production for the southern areas of Europe 
(and, consequently, by analogy for southern Australia), and, although the net energy 
balance for A. donax in CWs has yet to be determined, if it is similar to that of 
dryland production (~637 Gj ha
-1
; Angelini et al., 2009), the biomass produced could 
substitute 14 ton ha
-1
 and 20 ton ha
-1 
petroleum and coal equivalents, respectively, for 
each year of cultivation (where one petroleum equivalent equals 1 ton of petroleum 
with energy 45.36 GJ; one coal equivalent equals 1 ton of coal with energy 31.08 GJ; 
Angelini et al., 2009).   
 
The DAC produces approximately 28 ML of effluent per year. It is possible to 
estimate the minimum size of HSSF CW required to  treat the DAC effluent by using  
Excel via rearrangement /use of standard equations (equation (1)), first proposed by 
Kickuth in 1977(as cited in Vymazal 2005): 
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BOD
eiD
h
k
)lnC-(lnCQ
A       Equation (1) 
where Ah is the surface area of bed (m
2
); QD the average flow (m
3
 day
−1
); Ci the 
influent BOD5 (mg L
−1
); Ce the effluent BOD5 (mg L
−1
), and KBOD is the rate 
constant (m day
−1
). Particular note was taken of Vymazal’s (2005) discussion of the 
rate constant KBOD, e.g. that in theory, the rate constant should be a constant, and 
independent of inlet concentration and loading rate. Of course, theory and practice do 
not always correlate, and thus by knowing flow, CW area and BOD reduction 
characteristics, and by rearranging equation (1), we were able to calculate a system 
specific KBOD. A KBOD value of 0.08 m day
−1
. This is consistent with the average 
KBOD values reported by Vymazal (2005) for 66 village systems after 2 years of 
operation (0.118 ± 0.022 m day
−1
). By using Kadlec and Knight’s (1996) method, the 
theoretical background level for BOD in our model HSSF wetland effluent was also 
calculated. Target effluent BOD concentrations were then modified to optimise 
treatment efficiency by raising the target concentrations to above theoretical 
background wetland concentrations until the model provided a solution for BOD. 
Assuming influent and effluent BOD concentration of 28.3 and 3.3 mgL
-1
, 
respectively, and an influent flow of 0.048 m
3
 day
-1
, a minimum of 0.18 ha of HSSF 
CW would be required to treat the DAC effluent (albeit with only 88% reduction of 
BOD rather than the 94% reduction observed in this trial). A HSSF CW of this size 
would produce an estimated 22 tonne of A. donax above ground biomass on an 
annual basis which could be used for local bioenergy generation purposes, although 
larger-scale and longer-term trials are required to confirm this estimate. The principle 
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assumption behind this sizing exercise was that a HSSF wetland would be used. 
Because the composition of effluent differs from one aquaculture system to another, 
there is no single universal design for the problem. In reality, a wetland design would 
be produced based on site considerations and limitations, e.g. amount of available 
land. This latter may sometimes favour a free water surface (FWS) wetland, at others 
a HSSF wetland, and in other cases a more elaborate FWS design with reed covered 
shallow zones alternating with deep water zones. This latter type of design would 
provide increased retention time, and additional sedimentation and oxygenation, 
leading to improved treatment in a smaller area. Regardless, it would be possible to 
determine a cost-effective management approach by on-site visits, desktop 
assessments, e.g. cost-benefit analyses, and later, plant-scale testing, prior to 
construction of a treatment wetland.  
 
7.4. Conclusions 
When experimental subsurface flow, gravel-based CWs planted with either Arundo 
donax or Phragmites australis, were challenged with wastewater from a recirculating 
aquaculture system at a single hydraulic loading rate (3.75cm d
–1
) for 14 weeks, 
many of the major water quality parameters monitored (e.g. TP, TN, TAN, TPC, 
Total coliform, E-coli) were removed somewhat more efficiently by the planted beds 
than unplanted gravel beds (p<0.007), although there was no significant difference 
(p>0.007) in nutrient removal between the A. donax and P. australis beds. BOD, SS, 
TN, TP and TAN removal in the A. donax and P. australis beds was 94, 67, 97, 96 
and almost 100%and 95, 87, 98, 95% and almost 100%, respectively. The CW 
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assessed in this study are capable of removing almost 100% of the E. coli present in 
the inlet wastewater, and to levels that would allow reuse of the water in aquaculture 
or for crops grown for human consumption. The A. donax CWs produced the 
equivalent of 125 tonnes per hectare above-ground biomass (dry weight). 
Consequently, the attractiveness of using of A. donax in CWs for waste water 
remediation is to be a source of biomass that can be utilised directly or indirectly for 
energy production, or as other co-products in farming systems that help industry, in 
this case aquaculture industries, retain community support and their license to 
operate.  
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CHAPTER 8 
 
8. Performance of two macrophytes species in horizontal sub-surface flow 
wetlands challenged with a municipal reclamation wastewater effluent 
 
8.1. Introduction 
Constructed wetlands (CWs) are known for their high biological activities that can 
transform different pollutants in agricultural, industrial and municipal wastewaters, 
and are thus considered to be a low-cost alternative for treating municipal, industrial 
and agricultural wastewater (Reddy and D’Angelo, 1997; Mitsch and Wise, 1998; 
Neralla et al. 2000; Karathanasis et al., 2003; Kaseva, 2004; Solano et al., 2004). 
The removal efficiencies of wastewater in constructed wetlands depends on a number 
of factors which include the hydraulic retention time (HRT), concentrations of 
nutrients or pollutants in the influent, capacity to store the pollutants in the wetland 
system, types of substrate, types of vegetations and types of microbial communities 
in the system (Mitsch and Gosselink, 1993). Constructed wetlands may be more cost-
effective when compared to conventional wastewater treatment plants, although 
because the functionality of each individual CW is different there is no one CW 
design for all wastewaters, and thus it is essential to assess removal efficiency 
according to the type of wastewater to be treated. 
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The Hamilton Water Reclamation Plant (HWRP) is located to the west of Hamilton, 
approximately 105 km from Warrnambool in south west Victoria. The HWRP 
provides sewage treatment to residents and business customers in the Hamilton area 
and in 2009/10, it is estimated that HWRP treated 1,094 ML of sewage from 4,699 
households (Wannon Water, 2011).  All the effluent from the Hamilton sewerage 
system is processed at the HWRP to secondary treatment level using processes which 
remove dissolved and suspended biological matter. Currently, the wastewater is 
discharged to maturation ponds with storage capacity of 4 ML and then re-used at a 
number of locations, including on pasture for cattle and sheep grazing on a property 
owned by Wannon Water, by a commercial turf farm, on the Hamilton golf course 
and two sporting ovals. As part of a larger study investigating options for reducing 
the impact of industrial effluent, the opportunity arose to assess the effectiveness of 
CWs in treating this sewage wastewater on-site. The specific objectives of this study 
were: (i) to compare the performance of Arundo donax and Phragmites australis in 
gravel substrate wetlands, (ii) to compare the performance of planted and unplanted 
beds, and (iii) to compare the performance of these species and the gravel filter under 
sewage wastewater treatments. 
 
8.2. Material and Methods 
Study Site 
The design and set-up of the CWs is described in Section 3.4.3, but in short the nine 
horizontal sub-surface flow CWs constructed at the DAC were transferred to the 
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HWRP on 11 November 2010. The CWs were arranged in a row in the same order as 
at the DAC, i.e. CWs 1, 4, and 7 were planted with P. australis, CWs 2, 5 and 8 
planted with A. donax, and CWs 3, 6 and 9 were the unplanted controls.. 
 
Treatment 
As described in Chapter 3, the CWs were re-established with potable water and then, 
starting from 15 December 2010, acclimated with treated municipal wastewater. The 
plants were harvested on 11 January prior to the experimental trial. The experiment 
was initiated on 11 January 2011, with the first water sampling undertaken on 19 
January 2011, fortnightly thereafter for 14 weeks until 13 April 2011.  
 
Data collection and analyses 
Details on the sampling and analytical procedures can be found in the Chapter 3 
(Section 3.5), but in short included the measurement of main tank, and CW inlet and 
outlet water samples for TN, TAN, NO3-N, NO2-N, TP, BOD5, SS (dry weight) 
following APHA (2005) standard methods for the examination of water and 
wastewater. Bacterial measures of water quality included Total Plate Count (TPC), 
Total coliform and Escherichia coli (E. coli). Chlorophyll a, chlorophyll b, and total 
chlorophyll concentrations in plant tissues were also determined.  
 
Details of the statistical treatment of data are also to be found in the Chapter 3 
(Section 3.5), but in short included assessing CW treatment (removal) efficiencies 
given by [(influent concentration - effluent concentration)/influent concentration] × 
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100 for each of the monitored variables. Due to small sample size and non-normal 
sampling distributions, statistically significant differences between all groups were 
assessed using the non-parametric statistical tests. 
 
 
8.3. Results and Discussion 
In this study, the CWs inlet pH was slightly alkaline (~ pH 7.2), outlet pH (all CWs) 
was in the range pH 7.3 – 7.6 (Table 8.1), with the outlet pH increased to a greater 
extent in the unplanted beds (average effluent pH 7.6) than the planted beds (median 
effluent pH 7.5 for A. donax; pH 7.3 for P. australis; Figure 8.1a). The fortnightly 
data indicates that the level of pH in the CWs beds increased progressively during 
the experiment duration (+0.4 for A. donax; +0.2 for P. australis; +0.5 for unplanted 
control). The growth of algae observed in most of the CW inlets would explain the 
increase of pH over the study period. Algal photosynthesis causes an increase in pH 
due to the uptake of carbon dioxide. However, overall, the data is not in line with 
studies reported by  Kadlec and Knight’s (1996), who note that for the most part, 
HSSF wetlands are circumneutral for wetlands treating influents that are only either 
slightly acidic or basic, i.e. CWs are buffered to near neutrality (pH 7.0). 
The electrical conductivity (EC) of the CW outlets was lower than inlet EC for 
unplanted CWs, but slightly elevated for planted CWs (Table 8.1). The increase in 
EC was most notable in the A. donax planted CW effluent (~1461 S cm-1; Figure 
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8.1b). This increase of EC is attributed to evapotranspiration processes in the planted 
CWs, increasing the concentrations of ions as water is lost from the CWs. 
 
 
 
Figure 8.1: Box and whisker plots of (a) pH and (b) EC (µS cm
-1
) in the inlet and 
outlet of constructed wetlands of planted beds (AD; Arundo donax, PA; Phragmites 
australis) and unplanted control beds (C). Stars next to the values signify unusually 
large or small values, with respect to the others in the group. 
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Table 8.1: Summary of CW treatment performance (median ± 25
th
 - 75
th
 percentiles, the interquartile range limiting values) for selected 
monitored physic-chemical parameters and bacterial 
Analyte Treatment; n:Number of samples 
Main inlet A.donax P. australis unplanted 
Inlet Outlet RE Inlet Outlet RE Inlet Outlet RE 
pH 7.2 (7.2 - 7.3)
n=14 7.1 (7.0 - 7.3) n=21 7.5 (7.4 - 7.6) n=21  7.1 (7.0 - 7.3) n=21 7.3 (7.3 - 7.6) n=21  7.1 (7.0 - 7.3) n=21 7.6 (7.5 - 7.7) n=21  
EC 1266 (1192 – 1270)
 n=14 1203 (1160 – 1241) n=21 1461 (1302 – 1719) n=21  1199 (1151 – 1240) n=21 1392 (1349 – 1542) n=21  1217 (1162 – 1233) n=21 1131 (1086 – 1165) n=21  
mgL-1 
BOD 34.0 (30.2 - 38.4)
 n=14 30.8 (29.0 - 33.0) n=21 1.7 (1.2 - 2.4) n=21 95 32.0 (24.2 - 35.0) n=21 0.9 (0.6 - 1.3) n=21 97 30.0 (25.5 - 34.0) n=21 0.7 (0.6 - 1.5) n=21 98 
SS 66 (55 – 81)
 n=14 57 (49 – 70) n=21 4 (2 – 6) n=21 94 59 (49 – 75) n=21 1 (1 – 2) n=21 98 56 (50 – 75) n=21 1 (0 – 1.0) n=21 99 
TP 7.7 (7.3 -8.3)
 n=14 7.5 (6.9 - 8.1) n=21 1.4 (1.0 - 2.5) n=21 81 7.8 (7.3 - 8.1) n=21 0.3 (0.2 - 0.5) n=21 96 7.6 (7.3 - 8.1) n=21 1.7 (1.1 - 4.1) n=21 78 
TN 27.0 (19.5 - 30.0)
 n=14 20.3 (14.6 - 23.0) n=21 1.2 (0.81 - 1.8) n=21 94 22.3 (16.5 - 25.0) n=21 0.9 (0.8 - 1.3) n=21 96 21.4 (17.5 - 23.6) n=21 3.4 (1.4 - 7.1) n=21 84 
TAN 14.0 (8.4 - 14.0)
 n=14 8.8 (5.6 - 11.0) n=21 0.6 (0.6 - 0.60) n=21 93 11.0 (5.2 - 12.0) n=21 0.6 (0.6 - 0.6) n=21 95 11.0 (7.2 - 12.0) n=21 0.6 (0.6 - 0.6) n=21 95 
NO3
- 10.60 (7.7 - 12.8)
 n=14 8.60 (5.1 - 14.1) n=21 0.01 (0.00 - 0.35) n=21 99.9 8.20 (6.10 - 3.90) n=21 0.05 (0.02 - 0.34) n=21 99.3 7.60 (4.30 - 13.18) n=21 2.37 (0.21 - 4.59) n=21 69 
NO2
- 0.94 (0.67 - 1.28)
 n=14 1.30 (0.91 - 2.60) n=21 0.01 (0.01 - 0.01) n=21 99 2.00 (1.40 - 4.20) n=21 0.01 (0.01 - 0.02) n=21 99 1.70 (0.89 - 2.30) n=21 0.01 (0.01 - 0.10) n=21 99 
Microbiology  Log10(cfu 100 mL
-1) 
TPC 7.45 (7.42 - 7.50)
 n=14 7.16 (7.04 - 7.24) n=21 6.31 (6.06 - 6.54) n=21 0.85 7.16 (7.04 - 7.24) n=21 6.37 (6.06 - 6.58) n=21 0.79 7.09 (7.01 - 7.22) n=21 6.31 (6.06 - 6.54) n=21 0.78 
TotalColiform 6.06 (5.96 - 6.15)
 n=14 5.76 (5.64 - 5.86) n=21 4.76 (4.46 - 5.06) n=21 1.00 5.76 (5.46 - 5.86) n=21 4.94 (4.76 - 4.94) n=21 0.82 5.64 (5.64 - 5.86) n=21 5.06 (4.94 - 5.31) n=21 0.58 
E.coli 4.94 (4.88 - 5.01)
 n=14 4.46 (4.46 - 4.64) n=21 0.00 (0.00 - 3.46) n=21 4.46 4.64 (4.46 - 4.76) n=21 0.00 (0.00 - 0.00) n=21 4.46 4.76 (4.46 - 4.76) n=21 3.76 (3.46 - 3.94) n=21 1.00 
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The results obtained highlight that BOD removal was very good in all CWs (Figure 
8.2a). However, there were no differences in BOD removal efficiency between the 
planted and unplanted beds, with average BOD removal in the planted beds (~96%) 
the same as the unplanted control beds (~98%; p>0.007; Figure 8.2a). Moreover, 
there were no significant differences (p>0.007) in nutrient removal efficiency 
between plant species. For instance, average BOD removal in the A. donax beds 
(~95%) was similar to that of the P. australis beds (~97%). This is consistent with 
Williams et al., (1995) and Bolton and Greenway (1999) who found 81-93% and 
93% BOD reductions in their respective wetland plant studies. In this investigation, 
the experiment was conducted in summer months, and due to higher temperatures 
during this time, significant biochemical activity might be expected, although as 
noted in previous chapters temperature may not influence treatment performance. 
High algal content would also help with BOD removal, and this might explain why 
the unplanted control beds had such high BOD reductions. The very good BOD 
removal observed in this study is consistent with Vymazal and Kropfelova (2009) 
survey of more than 400 HF CWs from 36 countries around the world, which 
concluded that the highest removal efficiencies for BOD were achieved in systems 
treating municipal wastewater, due to the fact that municipal wastewaters contain 
predominantly labile organics which are easy to degrade. For example, for the 
A.donax planted CWs (which had the lowest BOD removal efficiencies) the median 
inlet BOD was ~31 mgL
-1
, but the outlet BOD was reduced to ~ 1.7 mgL
-1
. It is also 
noted that the final effluent concentrations in the planted beds were in accord with 
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background BOD concentrations (1 mgL
-1
) reported by Kadlec (2009) for HSSF 
wetlands treating water with BOD in the range 0-30 mgL
-1
.   
 
Vymazal (2011) evaluated the performance of HSSF CWs in the Czech Republic 
treating sewer wastewater, and suggests that their removal of organics and suspended 
solids is very effective, and the ability of HSSF CWs to treat wastewaters with low 
organic matter (inflow concentrations) is a great advantage compared to conventional 
treatment systems (such as activated sludge) which cannot treat such diluted 
wastewaters (due to inability of the activated sludge to properly develop). In this 
context, the unplanted CWs appeared to outperform the planted beds in removing SS, 
with average removal efficiency of 99% and 96%, respectively (A.donax 94%, 
P.australis 98%; Figure 8.2b). However, SS removal in the planted beds may have 
been underestimated since the effluent from planted beds contained an unknown 
milky-brownish material that interfered with the analyses of SS (CWs planted with 
A.donax excreted more of the milky brownish effluent than P.australis planted 
CWs). Overall, the data is consistent with removal of SS from the CWs through 
filtration and sedimentation (Steiner and Combs, 1993; Crites and Tchnobanoglous, 
1998), processes which have little or nothing to do with the plant itself. This 
statement is further supported by Vymazal (2011), who noted that the removal of SS 
is generally high in HSSF CWs where the wastewater passes through a distribution 
zone (filled with large stones) and enters a filtration bed (filled with material of a 
much smaller grain size). Vymazal (2011) suggests that SS are trapped within the 
filtration material, and that the entrapment of SS in HSSF CWs is the highest at the 
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interface between the distribution zone and the filtration bed material. It has also 
been shown that most suspended solids are retained within the inlet zone (defined as 
the first several meters of the bed for larger systems e.g., Bavor et al., 1987, 1989; 
Davies et al., 1993; Vymazal, 2003). Bavor et al., (1987; 1989) also noted that 
because SS are mostly removed within the narrow strip of the inlet zone, the total 
area of vegetated beds is actually not used for SS removal, and that this strip may get 
wider during several years of operation. 
 
Phosphorus (as measured by TP) was removed efficiently by both the planted and 
unplanted control beds (Figure 8.2c). TP removal efficiency of the planted beds was 
higher than the unplanted CWs (A. donax, 81%; P. australis, 96%; unplanted beds, 
78%). It is well known that TP removal in wetlands involves physical, chemical and 
biological forces influencing the different TP components (Kadlec and Knight, 
1996). The data obtained from this study suggests that stable phosphorus removal 
may be achieved without complete vegetation being established (consistent with Lin 
et al., 2002). However, one might anticipate that in the long term TP removal will 
decline once adsorption and precipitation sites in the CWs have become saturated, 
i.e. when the wastewater treatment wetlands reach P storage capacity and no longer 
function effectively for P removal. This has been referred to as the ‘aging 
phenomena’ in wetlands that receive wastewater (Kadlec and Hammer, 1985). 
Longer term, multi-year trials are required to address the hypothesis that the HSSF 
CWs are not designed for the removal of phosphorus by plants uptake and 
subsequent harvesting (Vymazal, 2002), and to see whether the amount of 
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phosphorus which can be removed by harvesting accounts only for the small 
percentage (which is usually <10% and in most cases <5%) reported by Vymazal et 
al., (1999b) and Obarska-Pempkowiak (1999). 
 
 
 
 
Figure 8.2: Box and whisker plots of (a) BOD, (b) SS and  (c) TP concentrations 
(mgL
-1
) in the inlet and outlet of constructed wetlands of planted beds (AD; Arundo 
donax, PA; Phragmites australis) and unplanted control beds (C). Stars next to the 
values signify unusually large or small values, with respect to the others in the group. 
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The removal efficiency of TN in the 2 year old planted CWs (A. donax, 94%; P. 
australis, 96%) was much better than for the unplanted CW beds (84%; Figure 8.3a). 
There was, however, no difference in removal efficiency for TAN, being high for 
both planted beds and unplanted beds (93% for A. donax, 95% for P. australis and 
95%; Figure 8.3b). Outlet nitrate (NO3) concentrations were very much lower than 
inlet concentrations (Table 8.1). This data suggests that consistent performance in 
nitrogen removal can be obtained in immature CWs. Lin et al., (2002) suggest that 
this occurs because the presence of gravel in HSSF wetlands provides more specific 
surface area for biofilm growth. Vymazal and Krőpfelová (2009) further suggest that 
planted wetlands out-perform unplanted controls in nitrogen removal because the 
plant rhizosphere provides a source of carbon compounds through root exudates, a 
micro-aerobic environment via root oxygen release, and stimulates microbial 
community density and activity by providing root surface for microbial growth.   
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Figure 8.3: Box and whisker plots of (a) TN and (b) TAN concentrations (mgL
-1
) in 
the inlet and outlet of constructed wetlands of planted beds (AD; Arundo donax, PA; 
Phragmites australis) and unplanted control beds (C). Stars next to the values signify 
unusually large or small values, with respect to the others in the group. 
 
The results of this study indicate that TN removal efficiencies of the CWs were 
higher compared to systems in Denmark (42.9%; Brix (1994b), Schierup et al., 
(1990b), North America (55.6%; Kadlec and Knight (1996), Germany (48%; Borner 
et al., (1998); Poland (24.5%; Kowalik and Obarska-Pempkowiak (1998) and 
Sweden (40.3%; Sundblad (1998). It is known that conditions for denitrifications in 
HSSF CWs are favourable where low oxygen conditions and high numbers of 
denitrification bacteria are present in the substrate, roots and rhizomes and 
wastewater (May et al., 1990; Ottova et al., 1997). The results of the present study 
are consistent with this knowledge.   
 
The removal efficiencies in microbiological results are very high for TPC, Total 
coliform and E. coli removal. The average TPC removal efficiencies for the planted 
beds were similar to those of the unplanted beds (85% and 83%, respectively). 
Specifically, TPC removal was 87% for A. donax and 83% for P. australis- planted 
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CWs (Figure 8.4a). However, although removal was high as a percentage, large 
numbers of micro-organisms remained in the effluent. In this study, using log10 
reduction in pathogen numbers (R) as a measure of treatment efficiency, for TPC, R 
was 0.85 for A. donax and 0.79 for P. australis planted CWs. Total coliform removal 
was 90% for A. donax and 85% for P. australis planted beds, and 73% for the 
unplanted beds (R was 1.00 for A. donax, 0.82 for P. australis and 0.58 for unplanted 
control beds; Figure 8.4b). E. coli removal was 100% for both planted and 90% for 
unplanted control beds (Figure 8.4c). It is well known that microbial pollution 
removal may occur via physical, chemical and biological means (Pundsack et 
al.,2001; Vymazal, 2005), including filtration and adsorption (Stevik et al., 2004), 
chemical oxidation, predation by nematodes and protists, activity of lytic bacteria or 
viruses, retention in biofilms and natural die-off (Seidel, 1976; Gersberz et al., 1989 
a,b;  Hatano et al., 1993; Brix, 1997; Decamp and Warren, 1998; Decamp et al., 
1999), and the release of antimicrobial compounds from the roots of wetland plants. 
Studies conducted by Vymazal and Kropfelova (2009) of five Czech HSSF CWs 
revealed that the retention of coliform and faecal coliform bacteria is very high 
(>95%) and exceeds common retention values for conventional wastewater treatment 
systems (Ottova´ et al., 1997). In this study, it is observed that both planted and 
unplanted control beds have high levels of algal growth. The concomitant enhanced 
photosynthesis will increase both the pH and oxygen content of the effluent, and 
would naturally kill the E. coli. Although the presence of macrophytes in the HSSF 
CWs did not make a significant difference to bacterial removal efficiency in this 
study, perhaps suggesting that neither A. donax or P. australis release antimicrobial 
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compounds, the data is consistent with studies conducted by Decamp and Warren 
(2000), who found no significant differences in removal of E. coli in planted and 
unplanted CWs using a gravel substrate.  
 
In Victoria, the concentration of E. coli in recycled water is the specified and 
strongly preferred microbiological indicator, i.e. recycled waters are primarily 
classified according to E. coli levels (EPA, 1991). In this case, from a 
microbiological perspective, the planted CWs effectively converted the HWRP 
effluent classifiable as Class ‘D’ recycled water (E. coli<10000 cfu 100 mL-1; 
suitable only for use on growing  non-food crops including growing flowers and turf) 
into Class ‘A’ recycled water (E. coli< 10 cfu 100 mL-1; suitable for use on human 
food crops eaten raw; EPA 1991); the unplanted beds of CWs converted the effluent 
into Class ‘C’ recycled water (E. coli< 1000 cfu 100 mL-1; suitable for use on human 
food crops that will be cooked prior to consumption or grazing/fodder crops 
agriculture; EPA 1991). 
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Figure 8.4: Box and whisker plots of (a) TPC, (b) Total coliform and (c) E. coli 
concentrations (Log10 (cfu 100mL
-1
)) in the inlet and outlet of constructed wetlands 
of planted beds (AD; Arundo donax, PA; Phragmites australis) and unplanted 
control beds (C). Stars next to the values signify unusually large or small values, 
with respect to the others in the group. 
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Figure 8.5: Box and whisker plots of changes in the concentration of total 
chlorophyll, chlorophyll a, and chlorophyll b for (a) Arundo donax and (b) 
Phragmites australis (µg cm
-2
). Stars next to the values signify unusually large or 
small values, with respect to the others in the group. 
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Figure 8.6: Box and whisker plots of ratios of chlorophyll a to chlorophyll b 
concentrations for (a) Arundo donax and (b) Phragmites australis. Stars next to the 
values signify unusually large or small values, with respect to the others in the group. 
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observed in chlorophyll a : b ratio (Figure 6.6a,b), suggesting that there was no short-
term toxic impact on the plants (Manios et al., 2003;Ewais, 1997; Gadallah, 1994). 
 
In this study, surprisingly the A. donax beds produced slightly less above ground 
biomass (6.2 ± 2.7 kg wet weight) than the P. australis beds (6.5 ± 1.3 kg wet 
weight). Assuming comparable growth during a 250 day (September – April) 
growing season, and a single-cut harvest, this equates to approximately 60 and 78 
tonne ha
-1
 yr
-1
 biomass (dry weight) for A. donax and P. australis, respectively. This 
standing crop is lower than observed in other trials, and is perhaps due to repeated 
clipping of the A. donax prior to this study. Longer term trials, across at least one full 
year, are required to confirm this observation.  
 
 
8.4. Conclusion 
In general, the planted CWs were marginally more effective at removing nutrients 
than the unplanted control CWs, which provides some support to the general 
consensus that HSSF CWs for pollution control, regardless of media, should be 
vegetated. The major outcome of this trial is that the removal efficiency for E. coli 
was significantly different (p<0.007) between planted and unplanted control beds, 
with the CWs reducing E. coli to levels that would allow reuse of the CW effluent on 
crops grown for human consumption. In addition, the very good TN and the BOD 
limit of <10 mgL
-1
 for and TSS of <5 mgL
-1
  for Victoria classes of reclaimed water 
for biological treatment was achieved by all the CW beds, with all CW beds outlet 
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concentrations in the range of 0.74 to 1.7 mgL
-1
. The A. donax beds produced the 
equivalent of 60 tonnes per hectare above-ground biomass (dry weight) which is very 
low compared to the other trials in this study. Longer term trials across at least one 
year are required to assess whether this is due to the HWRP effluent, and/or site 
location or was an artifact of repeated clipping in the months prior to the CWs being 
installed on site. If ambient site conditions produced the low biomass production, 
further research into the physiology aspects of A. donax may be required to produce 
guidelines for site suitability as a biomass source that can be utilised for energy 
production.  
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CHAPTER 9 
 
9. General Discussion 
 
9.1. Introduction 
This PhD project was directed towards a practical assessment of the relative merits of 
the giant reed (A. donax) and common reed (P. australis) in constructed wetlands 
designed for rural urban industrial water quality improvement. Specifically the 
objectives of this study were to:  
1) Examine the effectiveness of CWs planted with the giant reed (A. donax) in 
stripping nutrients and organic material from dairy processing factory effluent 
by evaluating chemical transport in pilot-scale constructed wetlands, and in 
comparison with the common reed (P. australis) and unplanted CWs.  
2) Assess the salt tolerance of A. donax (by exploring the survival of A. donax in 
CWs challenged with different types of wastewater with different salinity 
profiles). 
3) Assess the cross-industry utility of CWs for treating salty wastewater in rural 
south-west Victoria by evaluating chemical transport in pilot-scale 
constructed wetlands challenged with three types of wastewater, and in 
comparison with the common reed (P. australis) and unplanted CWs 
4) Examine options for the sustainable reuse of the biomass produced by A. 
donax (by reviewing the literature)  
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The survival of A. donax and P. australis in constructed wetlands (CWs), and the 
treatment performance of the cells when challenged with different types of 
wastewater with different salinity profiles, namely 1) stormwater; 2) Warrnambool 
Cheese and Butter (WCB) dairy factory wastewater; 3) Deakin Aquaculture Centre 
(DAC) wastewater, and 4) Hamilton Wastewater Reclamation Plant (HWRP) 
sewerage waste water, has been described in detail in the previous six chapters. The 
purpose of this Chapter is to compare and contrast the results generated from each of 
the individual experiments, and to explore their wider applicability in south west 
Victoria (the region in which the work was undertaken) and Malaysia (for the benefit 
of one of the co-funders of the project).  
 
9.2. Removal efficiencies of Constructed Wetlands 
Potential of using constructed wetland to polish BOD from wastewaters 
The nutrient removal efficiencies in constructed wetlands are influenced by many 
factors, such as the sources of wastewater, the types of CWs and the presence of 
wetlands plants. In general, in this study BOD removal efficiencies were higher in 
the planted beds (Arundo donax and Phragmites australis) than unplanted cells, 
although nutrient removal efficiencies were variable, depending primarily on nutrient 
loading rate. The present study indicated that, on the whole, nutrient removal 
efficiencies were comparable to those reported in the literature, and in all cases the 
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BOD limit of <10 mgL
-1
 for Class ‘A’ Victorian standard recycled (EPA, 1991)water 
was achieved by all the CWs.     
 
One of the major variables within the program was salinity (as measured using 
electrical conductivity (EC)). It is difficult to do more than a qualitative comparison 
of the effect of salinity on BOD removal between the sets of CWs used at WCB, and 
those cells used with DAC and HWRP effluent, due to differences in influent 
wastewater characteristics, site locations, treatment durations, maturation of the 
plants etc. However, the data for BOD removal in WCB dairy wastewater suggests 
BOD removal was higher in planted beds compared to unplanted control beds at low 
salinity, e.g. at ~420 µS cm
-1 
in the storm water trial (Table 9.1). At higher salinity 
the BOD removal performances in planted and unplanted control beds were similar, a 
trend observed in both the WCB and DAC/HWRP CWs indicating that the 
macrophytes did not significantly affect the removal performance of organic matter. 
This is consistent with studies conducted on P. australis planted CWs which suggest 
that the nutrient removal potential of developed (i.e. matured) biofilm substrate 
offsets any effect of P. australis on treatment during the second year of operation 
(e.g. see: Scholz and Xu, 2002; Scholz et al., 2002; Scholz, 2006).  
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Table 9.1:  Removal of BOD by planted and unplanted CWs for various sources of wastewater 
Analyte Wastewater 
WCB  DAC  HWRP 
Stormwater 
(~420 µS cm-1) 
¼ strength 
(~2500 µS cm-1) 
½ strength 
(~5000 µS cm-1) 
Full strength short 
term 
(~7000 µS cm-1) 
Full strength long 
term 
(~8900 µS cm-1) 
 
(~2600 µS cm-1) 
 
(~1400 µS cm-1) 
HLR 3.75 7.50 3.75 3.75 3.75 3.75 3.75 3.75 
(cm day-1) 
Season Summer/Autumn Autumn/Winter Spring/Summer Summer/Autumn Autumn/Winter Spring/Autumn Summer/Autumn Summer/Autumn 
Planting AD PA C AD PA C AD PA C AD PA C AD PA C AD PA C AD PA C AD PA C 
BOD (mgL-1) 
Inlet  7.0 5.7 4.0 8.0 8.5 6.6 18.2  17.9  18.5 17.1  16.6  17.9  17.6  17.9  18.4  24.0  24.1 25.2  27.3  26.8  26.8  30.8  32.0  30.0  
Out  2.0 2.0 3.9 1.0 0.4 4.2 4.8   1.3  8.7  4.9  1.4  3.3   7.0  4.4  7.6   7.5   9.1  8.6   1.7   1.4   1.9   1.7   0.9   0.7   
RE (%) 71 65 3 86 95 36 74 93 53 71 92 82 60 75 57 68 62 66 94 95 93 95 97 98 
TPC Log10(cfu/100 mL) 
R - - - - - - 0.92 1.05 0.35 1.2 1.4 0.59 0.50 0.80 0.10 0.77 1.00 1.04 0.86 1.00 0.75 0.85 0.79 0.78 
WCB, Warrnambool Cheese and Butter;  DAC, Deakin Aquaculture Centre;  HWRP, Hamilton Wastewater Reclamation Plant; BOD, biological oxygen demand; TPC, total plate count; -
, not measured 
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Macrophytes can assimilate pollutants in their tissue and provide a surface and an 
environment for microorganisms to grow (Cooper et al., 1996; Vymazal, 2002). The 
macrophytes transport approximately 90% of the oxygen available in the rhizosphere 
(Lee and Scholz, 2007). This stimulates both aerobic decomposition of organic 
matter and the growth of nitrifying bacteria (Reddy et al., 1989; Brix, 1997; Scholz, 
2006; Lee and Scholz, 2007). However, when compared to microorganisms, 
macrophytes only play a secondary role in the degradation of organic matters in 
wetland systems (Stottmeister et al., 2003; Lee and Scholz, 2007). Calheiros et al., 
(2010) isolated fifty bacterial isolates from the CWs in their study, related 
phylogenetically to Firmicutes, Actinobacteria, Bacteroidetes, α-, β-, and γ-
Proteobacteria, concluding that diverse and distinct bacterial communities inhabit 
individual CW series, and that the type of plant seemed to have a major effect on the 
established bacterial communities, thereby indirectly influencing pollutant removal 
efficiencies. 
 
Microbial growth and activity are impacted by a number of factors, including 
salinity, temperature, and substrate type (Putnam et al., 2010). Increases in salinity 
have been shown to lead to decreases in the microbial biomass under various soil 
conditions (Sardinha et al., 2003; Wichern et al., 2006; Wu et al., 2008; Yuan et al., 
2007; Putnam et al, 2010). Higher salinities lead to increases in the physiological 
stress of microbes, which can lead to decreases in microbial diversity and, 
subsequently, microbial activity (de Franca et al., 2000; Grommen et al., 2005; 
Yoshie et al., 2004; Putnam et al., 2010). Though there was no significant difference 
248 
 
seen in the removal efficiencies of BOD and TPC between planted and unplanted 
CWs at higher salinities in this study, there was a general trend for BOD removal 
efficiency to be reduced at salinities above ~5000 µS cm
-1
. This is consistent with 
studies by Nitisoravut and Klomjek (2005) who reported significantly reduced BOD 
removal with increasing salinity in experimental FWS CWs in Thailand, suggesting 
that salinity inhibits the metabolism of microorganisms in the wetland environment, 
and in turn the proper functioning and maintenance of the system. The reduced BOD 
removal efficiency observed in this study with increased salinity (Table 9.1) is also 
consistent with studies conducted by Calheiros et al., (2010) on the diversity of 
bacterial communities from two series of HSSF CWs polishing high salinity tannery 
wastewater with EC of 16.96 mS cm
-1
, planted with A. donax or Sarcocornia sp. 
Although, the authors found that the high salt content in the wastewater did not 
jeopardize organic matter removal efficiency, BOD removal was only in the range 
60-70%, i.e. a similar range to that observed when CWs were challenged with full 
strength WCB effluent.  
 
Potential of using constructed wetland to polish SS from wastewaters 
It is interesting to note that SS removal by the unplanted control beds was higher 
than observed for the planted beds in almost all experiment throughout these studies 
(Table 9.2). As noted in earlier chapters, quantification of SS removal in the planted 
beds in the present study may have been underestimated as a result of an unknown 
milky-brownish material that interfered with the analyses of SS (CWs planted with 
A. donax excreted more of the milky brownish effluent than P. australis planted 
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CWs). Despite this, salinity appeared to have no effect on SS removal once the CWs 
had become acclimated to the wastewaters, e.g. the full strength WCB trial.  
Removal of SS is almost entirely due to physical processes i.e. sedimentation and 
filtration, rather than biological processes associated with the microbial community 
or with the higher plants(Vymazal & Krőpfelová, 2008). This study’s data is 
consistent with Lee and Scholz (2007) who found that SS removal performance was 
not affected at all by the presence of P. australis in experimental temporarily flooded 
vertical-flow wetland filters treating urban runoff. Even though SS is removed 
mainly by physical processes, and well-functioning systems are effective in 
removing SS, appropriate pre-treatment is still required to remove the majority of SS 
from the raw wastewater, to prevent the wetland from being rapidly 
clogged(Knowles et al., 2011). 
 
Potential of using constructed wetland to polish TN from wastewaters 
It is known that removal of nitrogen (N) in CWs mainly depends on micro-organisms 
in the rhizosphere (Vymazal, and Krőpfelová, 2008) and in the present study, that N-
removal is higher in planted beds at lower loading rates (p<0.007; Table 9.3). In 
addition, when the N loading rate increased, the removal rate decreased over timed. 
In this study, in most cases the removal efficiencies were eventually similar between 
planted and unplanted control beds. This is consistent with studies conducted by 
Ibekwe et al., (2003) where low removal efficiencies were attributable to higher 
levels in the influent (150 – 250 mgL-1). High TN in influents may overshadow the  
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Table 9.2:  Removal of SS by planted and unplanted CWs for various sources of wastewater 
Analyte Wastewater 
WCB DAC HWRP 
Stormwater 
(~420 µS cm-1) 
¼ strength 
(~2500 µS cm-1) 
½ strength 
(~5000 µS cm-1) 
Full strength 
short term 
(~7000 µS cm-1) 
Full strength long 
term 
(~8900 µS cm-1) 
 
(~2600 µS cm-1) 
 
(~1400 µS cm-1) 
HLR 3.75 7.50 3.75 3.75 3.75 3.75 3.75 3.75 
(cm day-1) 
Season Summer/Autumn Autumn/Winter Spring/Summer Summer/Autumn Autumn/Winter Spring/Autumn Summer/Autumn Summer/Autumn 
Planting AD PA C AD PA C AD PA C AD PA C AD PA C AD PA C AD PA C AD PA C 
SS (mgL-1) 
Inlet  6.4 4.8 5.2 10.6 9.6 10.6 13.0 11.3 11.7 19.2 15.8 15.3 16.0 17.3 16.5 37.4 37.9 34.5 24 23 21 57.4 58.6 55.8 
Out  2.5 1.9 2.5 1.0 0.6 0.8 22.7 2.4 0.6 9.7 4.7 2.3 1.90 1.0 0.9 2.0 1.2 0.8 8 3 1 3.7 1.0 0.6 
RE (%) 61 60 52 91 94 93 -74 79 94 49 71 85 88 94 95 95 97 98 66 88 95 94 98 99 
WCB, Warrnambool Cheese and Butter;  DAC, Deakin Aquaculture Centre;  HWRP, Hamilton Wastewater Reclamation Plant 
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effect of high rate of mineralisation in CW systems, which leads to low removal of 
TN (Ibekwe et al., 2003). 
 
Little information is available regarding the microbial diversity of CW wastewater 
treatment systems operating with a high salt content (Calheiros et al., 2010).  
Calheiros et al., 2010 found that A. donax and Sarcocornia sp. were resilient to the 
high salinity conditions of a CW challenged with industrial wastewater of salinity 
16.96 ± 0.21 mS cm
-1
, and suggested that a diverse and distinct bacterial community 
inhabited each CW series with the type of plant having a major effect on the 
established bacterial communities. In Calheiros et al.’s (2010) study, TKN removal 
was between 51 and 79%, and the high salt content in the wastewater did not affect 
organic matter removal efficiency in the CWs.   
 
Removals of TN and TAN in the present study are shown in Table 9.3. From the 
table, it is obvious that ammonium-N is the major form of nitrogen.  Removals of TN 
throughout all the conductivity are shown in Figures 9.1a, b and c. The graphs 
indicated that as the conductivity increased, the removal rates generally decline.   
The analyses of influent TN and removal rate results also yields quite strong negative 
regressions for the planted beds as depicted in Figure 9.2 a, b and c (A. donax 
R
2
=0.82; P. australis R
2
=0.86; but less so for Control R
2
=0.19). This is due to the  
fact that nitrogen removal are dependent on the organic content of the wetland 
substrate that is by plant assimilation, the presence of microscopic anoxic zones that 
occur in bacterial films, and, over time, the presence of decaying plant material that 
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provide carbon for denitrifying bacteria (Nichols, 1983). However, in the present 
study, due to the high loading rates of Nitrogen, that increased the conductivity of the 
wastewater, maybe resulting in the elimination of Ammonia-oxidizing bacteria 
(AOB) which are responsible for the rate-limiting step of the nitrification reaction, 
and therefore contribute substantially to the global cycling of nitrogen. The AOB 
such as some heterotrophic bacteria which predominant in wastewater treatment 
plants suggest that the type of wastewater, as well as characteristics of the treatment 
plants, may establish significantly different environments and therefore select for 
different types of AOB (Okano et al., 2004; Park and Noguera, 2004; Herrmann et 
al., 2008; Wang et al., 2010; Kouki et al., 2011).Kouki et al., 2011 isolated 35 
bacterial strains from different compartments of the Joogar constructed wetlands 
plant, based on their ammonia removal capability. The authors identified 10 AOB 
within the three phyla of Firmicutes , Actinobacteria and Proteobacteria where the 
majority of these isolates belonged to the rhizospheres of reeds and cattails, likely 
indicating their capacity to form protective biofilms. In the present study, in order to 
increase the removal rates of TN at higher conductivity, providing an external carbon 
source to supply energy to increase the growth of AOB may be required, since their 
growth is controlled by limiting nutritional factors such as organic and inorganic 
compounds (Kouki et al., 2011). 
 
The mechanisms involved in nitrogen removal in CWs are manyfold and include 
volatilization, ammonification, nitrification/denitrification, plant uptake, and matrix 
adsorption (Vymazal, 1995b). Nitrification and subsequent denitrification is probably 
253 
 
the major TAN removal pathway in the CWs in this study, which is consistent with 
the generally agreed major removal mechanisms for nitrogen in HSSF CWs, i.e. 
ammonification and a complex of bacterial nitrification/ denitrification (Kadlec and 
Knight, 1996; Vymazal et al., 1998a,b).  Vymazal, (1999a) suggest that ammoniacal-
N (NH3-N) is the prevailing form of nitrogen in sewage wastewater, and that the 
removal of nitrogen in HSSF CWs should be very low due to a very limited 
nitrification. However, in this case, TN removal was very good in the HWRP 
experiments (> 90%; Table 9.3). This is not too surprising, since nitrification, 
denitrification and ammonification occur simultaneously in most HSSF CWs, 
although the extent of individual processes differs among systems, and in some 
systems (as in this study) to a high level (Vymazal, 1999a). 
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Table 9.3:  Removal of TN and TAN by planted and unplanted CWs for various sources of wastewater 
Analyte Wastewater 
 WCB DAC  HWRP 
 Stormwater 
(~420 µS cm-1) 
¼ strength 
(~2500 µS cm-1) 
½ strength 
(~5000 µS cm-1) 
Full strength short 
(~7000 µS cm-1) 
Full strength long 
(~8900 µS cm-1) 
 
(~2600 µS cm-1) 
 
(~1400 µS cm-1) 
HLR 3.75 7.50 3.75 3.75 3.75 3.75 3.75 3.75 
 (cm day-1) 
Season Summer/Autumn Autumn/Winter Spring/Summer Summer/Autumn Autumn/Winter Spring/Autumn Summer/Autumn Summer/Autumn 
Planting AD PA C AD PA C AD PA C AD PA C AD PA C AD PA C AD PA C AD PA C 
TN (mgL-1) 
Inlet  3.0 2.6 2.4 2.5 2.5 3.1 28.0 27.5 28.0 35.0 37.5 26.0 107.0 108.0 96.5 163.0 169.0 166.0 32.1 32.1 32.6 20.3 22.3 21.4 
Out  0.7 0.7 1.9 0.4 0.3 1.6 1.1 0.9 11.9 7.8 1.9 17.0 100.0 82.0 80 120.0 114.0 123.0 1.0 0.8 7.1 1.2 0.92 3.4 
RE (%) 78 73 24 84 87 50 96 97 58 78 95 53 7 24 17 26 33 26 97 98 78 94 96 84 
TAN (mgL-1) 
Inlet  ND ND ND ND ND ND 26.1 25.6 26.3 32.8 31.4 30.1 75.0 78.0 68.5 160.0 161.0 160.0 29.8 30.33 30.8 8.8 11.0 11.0 
Out  ND ND ND ND ND ND 0.12 0.04 9.5 3.5 0.2 8.9 45.0 29.0 26.5 110.0 98.0 120 0.1 0.1 2.1 0.6 0.6 0.6 
RE (%) ND ND ND ND ND ND 99.5 99.8 64 89 99.5 70 40 63 61 31 39 25 99.6 99.7 93.2 93 95 95 
ND, not determined; WCB, Warrnambool Cheese and Butter;  DAC, Deakin Aquaculture Centre;  HWRP, Hamilton Wastewater Reclamation Plant 
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Figure 9.1: Box and whisker plots of (a) Arundo donax; (b) Phragmites australis and 
(c) Controlof theTN removal % of constructed wetlands. Stars next to the values 
signify unusually large or small values, with respect to the others in the group. 
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Figure 9.2: Relationship between TN removal and TN for (a) Arundo donax; (b) 
Phragmites australis and (c) Control in constructed wetlands. 
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Potential of using constructed wetland to polish TP from wastewaters 
The removal efficiency of TP from the various effluents was highly variable. For 
instance, TP removal efficiencies decreased over time for the WCB CWs (Table 9.4), 
probably indicative of a saturation of sorption sites in the media and sediment of the 
system. This is consistent with the literature. The poor TP removal in the WCB 
experiments at higher salinity may reflect either a general mechanistic interference 
from the higher salinity and/or a specific impact of the high concentration of Na
+
 
relative to other cations in the high SAR WCB effluent, although there is little 
available evidence to support this speculation,(Kadlec and Knight 1996; Reddy et al., 
1998; Vohla et al., 2011; Vymazal et al., 1998), in that once P storage capacity is 
saturated, TP removal rates decline, with potential for output to be higher than input 
with the release or de-sorption of phosphorus. In Figure 9.3a, b and c removal of TP 
in the CWs from various wastewaters of the present study are shown. The poor TP 
removal in the WCB experiments at higher salinity may reflect either a general 
mechanistic interference from the higher salinity and/or a specific impact of the high 
concentration of Na
+
 relative to other cations in the high SAR WCB effluent, 
although there is little available evidence to support this speculation. Regression 
analyses (Figure 9.4a, b and c) indicated that therelationship betweeninlet TP and 
removal rates are quite strong with R
2
=0.52 for A. donax, R
2
=0.58 for P. australis 
and R
2
=0.32 for control. The good R
2
 in the planted beds may be partly due to the 
low loading rate of TP, uptake by the macrophytes through the plants roots and 
microbial uptake which is very fast, but with very low magnitude (Vymazal, and 
Krőpfelová, 2008). The uptake by microbiota (bacteria, fungi, algae) is rapid because 
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these organisms grow and multiply at high rates (Vymazal, and Krőpfelová, 2008). 
Studies conducted by Richardson and Marshall, 1986, on radio-phosphorus studies 
on wetlands indicated that phosphorus uptake by microbiota occurs on a time scale 
less than one hour, however, more than 90% was released within the next 6 hours.  
 
The high TP removal efficiencies in the DAC and HWRP experiments were perhaps 
unexpected, since Vymazal (2002) notes that HSSF CWs usually do not remove high 
amounts of phosphorus and that HFCWs are seldom built with phosphorus being the 
primary target treatment, and therefore, materials with low sorption capacity but high 
hydraulic conductivity such as gravel are commonly used (Vymazal, and Krőpfelová, 
2008). There are a number of reasons for this, including that suitable conditions for 
phosphorus removal are lacking in these systems (since the commonly used filtration 
materials; pea gravel, crushed rock, usually do not contain adequate concentrations 
of Ca, Fe, or Al for precipitation and/or cation exchange), and litter formed by 
decomposing plants stays on the vegetated bed surface and is not in contact with 
wastewater (which is kept below the surface) and thus does not provide for TP 
removal. 
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Table 9.4: Removal of TP by planted and unplanted CWs in various sources of wastewater 
Analyte Wastewater 
 WCB DAC HWRP 
 Stormwater 
(~420 µS cm
-1
) 
¼ strength 
(~2500 µS cm
-1
) 
½ strength 
(~5000 µS cm
-1
) 
Full strength 
short term 
(~7000 µS cm
-1
) 
Full strength 
long term 
(~8900 µS cm
-1
) 
 
(~2600 µS cm
-1
) 
 
(~1400 µS cm
-1
) 
HLR 3.75 7.50 3.75 3.75 3.75 3.75 3.75 3.75 
 (cm day
-1
) 
Season Summer/Autumn Autumn/Winter Spring/Summer Summer/Autumn Autumn/Winter Spring/Autumn Summer/Autumn Summer/Autumn 
Planting* 
Age(months)
a
 
AD 
15 
PA 
15 
C AD 
18 
PA 
18 
C AD 
23 
PA 
23 
C AD 
25 
PA 
25 
C AD 
29 
PA 
29 
C AD 
35 
PA 
35 
C AD 
20 
PA 
20 
C AD 
32 
PA 
32 
C 
 
TP (mgL-
1
) 
Inlet  2.5 2.2 2.3 2.0 2.0 2.1 27.7 27.2 27.8 20.5 15.3 16.3 60.0 59.0 50.5 65.0 65.0 55.5 13.5 12.6 14.1 7.5 7.8 7.6 
Out  0.6 1.3 2.8 0.6 0.9 1.9 5.1 5.6 10.4 10.0 8.8 9.4 55.0 60.0 55.0 65.0 67.0 57.5 0.5 0.6 1.5 1.4 0.3 1.7 
RE (%) 75 41 -24 71 55 12 82 79 63 51 42 43 8 -2 -9 0 -3 -3 96 95 90 81 96 78 
WCB, Warrnambool Cheese and Butter; DAC, Deakin Aquaculture Centre; HWRP, Hamilton Wastewater Reclamation Plant;* Plant source, WCB:AD,PA:Shaman Nurseries, Mullumbimby, NSW, 
Australia, DAC and HWRP: AD Baliang East,PA Hopkins River Bank, Victoria, Australia; a Age since planting. 
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Figure 9.3: Box and whisker plots of (a) Arundo donax; (b) Phragmites australis and 
(c) Control in the TP removal outlet of constructed wetlands. Stars next to the values 
signify unusually large or small values, with respect to the others in the group. 
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Figure 9.4: Relationship between TP removal and TP for (a) Arundo donax; (b) 
Phragmites australis and (c) Control in constructed wetlands. 
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Comparisons of removal efficiencies between CWs in WCB and CWs in DAC and 
HWRP 
As noted earlier, it is difficult to do more than a qualitative comparison of the 
nutrient transformation and removal between the sets of CWs used at WCB, and 
those cells used with DAC and HWRP effluent, due to differences in influent 
wastewater characteristics, site locations, treatment durations, age and sources of the 
plants etc. However,it is clear that the removal rates for a few of the parameters were 
very high in the DAC/HWRP CWs compared to WCB at similar inlet conductivity 
and nutrient loading rates. This is most apparent when considering E. coli removal 
rates, where the effluent from the DAC and HWRP experiments was classifiable as 
Class ‘A’ recycled water (suitable for use on human food crops for consumption raw) 
under Victorian state regulations (Table 9.1). This may be due to the fact that the 
DAC/HWRP cells were planted using mature rhizomes (rhizome with stems) of A. 
donax and P. australis, compared to the small, bare rooted rhizomes used in the 
establishment of the cells for the work at WCB. Studies by Boutilier et al., (2009) 
illustrate how variability in wastewater and wetland characteristics can influence E. 
coli adsorption, sedimentation and inactivation kinetics. For instance, they found that 
inactivation of E. coli appears to be the most significant contributor to E. coli 
removal within the wastewaters. In that study, E. coli survived longer within the 
dairy wastewater compared to the domestic wastewater treatment wetland water.  
Although the results from the present study are specific to the wastewaters and 
wetland environments studied, Boutilier et al., (2009) highlight the need to fully 
characterize a wastewater source before designing a treatment wetland system. The 
wastewater type, and size and distribution of particles will have a great influence on 
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treatment wetland removal mechanisms and the rate of E. coli inactivation. The 
present study suggests that if a wastewater has undergone significant pre-treatment 
(i.e. settling lagoon or septic tank), the main E. coli removal mechanism will be 
inactivation. Longer term trials are required to assess whether the performance of the 
two sets of CWs becomes ever more similar as the plants in the CWs mature. 
 
9.3. Biomass and potential of energy production of A. donax 
There is limited information available relating to the use of A. donax in CWs. In 
some ways this is surprising, since A. donax has a number of characteristics that 
appear to make it suitable for CWs (Table 9.5; Allinson, 2007). For instance, the 
plant is easily propagated from rhizomes and stem plantings; the species is reported 
to tolerate high salinity (Perdue, 1958); rhizomes are produced on or near the soil 
surface, although data and information on the depth of  rhizome formation has not 
been reported; shoots and roots emerge from the rhizomes and the roots are 
reportedly able to penetrate to significant depths to obtain water contributing to their 
drought resistance particularly after the first year of growth (Perdue, 1958).  In 
addition, pest and disease are not known to affect the species and the only risk after 
the first year is frosts early in the growing season which can burn the new season’s 
growth (Perdue, 1958). 
 
Williams et al., (2006) investigated the potential of using A. donax for wastewater 
treatment and pulp/paper production in South Australia. Although this research was 
not conducted in a CW, rather on an established dry land planting of A. donax over 
thirty years of age, biomass yields exceeded that produced by other irrigated effluent 
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crops, such as cereal, forage and hardwood plantations. William et al., (2006) also 
reported that following clear-felling to 10 cm, when irrigated with wastewater this 
established stand A. donax produced biomass at up to five times the rate of 
Eucalyptus hardwoods in Southern Australia. However, the authors conceded that the 
long term (20 years) productivity and weed risk still needs to be determined. Using 
the South Australian Weed Risk Assessment Management System (SAWRAMS), 
Virtue et al., (2010) suggest that the risk of cultivation of A. donax can be adequately 
managed through plantings outside areas subject to flooding, the use of buffer zones, 
annual surveys to detect and remove escapes, and hygiene protocols for harvest, 
transport and processing, and made mandatory via noxious weed declaration. Permits 
and strict management conditions should then allow cultivation at low risk sites in 
the landscape (Shelley et al., 2011). 
 
The experiments undertaken in this study have, on the whole, demonstrated the use 
of A. donax as an alternative plant to P. australis in HSSF CWs. However, there was 
rarely any significant treatment benefit in using A. donax rather than P. australis, and 
therefore from a purely treatment perspective, the depth of knowledge with respect to 
P. australis in HSSF wetlands, and the ease with which this plant can be obtained (cf. 
A. donax) would likely make P. australis the natural choice for a wetland designed 
purely for water quality treatment. Consequently, the most attractive reason for using 
A. donax in HSSF CWs for pollution control may be the opportunities for co-product 
uses of its biomass. 
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Table 9.5: Advantages and disadvantages of the species with respect to its use as a 
plant in constructed wetlands for wastewater treatment 
Advantages Disadvantages 
Fast growth rate 
 
Does not appear to be viable from seed 
(reduced risk of off-site dispersal) 
 
Easily propagated from rhizomes – some 
commercial clones now available   
 
Limited number of pests 
 
High water consumption 
 
Appears tolerant of high salinity  
 
Regenerates after fire from rhizomes 
Many potential uses for above ground 
biomass 
Weedy potential 
 
Threat to riparian vegetation 
 
Fire hazard 
 
Tolerance to continuous wetting 
unknown 
 
Salinity tolerance unknown 
 
 
 
Apart from using A. donax biomass as direct substitution for hardwoods in existing 
kraft pulp mills without major equipment changes (Lewis and Jackson, 2002), 
Cosentino et al., (2006)and Ververis (2004) suggested A. donax is one of the most 
promising for energy production for the southern areas of Europe (and, consequently, 
by analogy for southern Australia). Another development that may facilitate 
utilization of giant reed biomass as fuel is biomass briquetting (Fengmin and 
Mingquan, 2011). The techniques of biomass compression consist of hot pressure 
moulding, wet pressure moulding and carbonization moulding. Fengmin and 
Mingquan (2011) identified A. donax biomass as a promising agro-residue for 
briquetting, with a briquette calorific value up to 20.3MJ kg
-1
 dry weight. Although 
Fengmin and Mingquan (2011) note that this calorific value is not significantly 
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different to that of briquettes made with P. australis (in turn suggesting an economic 
use for P. australis tissues in current HSSF CWs), the significantly larger amount of 
biomass produced by A. donax may favour it in some situations.  
 
The A. donax biomass production observed in the present study (Table 9.6) is very 
high compared the highest is at WCB long term experiment with biomass of 179 ton 
ha
-1
 and the lowest at WCB short term plant effluent with 32ton ha
-1
 compared to the 
literature (dry weight), e.g. 35 ton ha
-1
 (Gonzalez et al., 2006), 37.7 ton ha
-1
 
(Angelini et al., 2009). Lewandaski et al. (2006) reported biomass production in 
Spain ranging from 29.6 to 63.1 ton ha
-1
, and in Greece, for the first, second, third 
and fourth growing periods of 15, 20, 30 and 39 ton ha
−1
. In part, the higher biomass 
production observed in this study may be due to growing the giant reed in essentially 
hydroponic conditions, rather than in soil and using nutrient rich wastewater. 
However, it is worth noting that biomass production was not always consistently 
high. Biomass production is lowest in HWRP effluent, apparently due the location 
and/or the effects of harvesting. For instance, the HWRP site is quite exposed, with 
no trees or building to shade the CWs from the very strong northerly winds which 
occurred during the summer season in Hamilton in 2011. Spatz et al. (1997) 
performed detailed measurements of A. donax’s ability to withstand bending and 
breaking due to wind, Based on their results they reported that A. donax can 
withstand winds of 13 ms
−1 
(46.8 kmh
-1
) measured at a height of 4 m above the 
ground; the wind in Hamilton (measured at 10 m above the ground) had a highest 
speed of 67 kmh
-1
 in December 2010, 61 km h
-1
 in January 2011; 59 kmh
-1
 in 
February 2011, 57 kmh
-1
 in March 2011 and 50 km
-1
 in April 2011 (before 
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harvesting),(BOM, 2011) although no broken stalks were observed in the plants at 
HWRP. Repeated harvesting of A. donax in the trials immediately before transfer 
from the DAC (November 2010) to HWRP in Hamilton and the second harvest 
(January 2011) just prior starting the experiment may also have affected subsequent 
growth. This is consistent with Sharma et al. (1998), who suggest that two harvests 
per growing period are feasible, but repeated clipping will not sustain high growth 
rates and will results total production declined. Due to second harvesting, Wright and 
Illius (1995) reported that depending on species older leaves exhibit greater leaf 
strength than younger leaves. The authors attributed this difference to differences in 
the sclerenchyma content of the leaves. Since the giant reed had new leaves during 
the HWRP trial, and was exposed to very strong winds, it is thought these are among 
the reasons for the relatively low biomass produced, i.e. upon bending under wind 
loads the stems are endangered by local buckling initiated by failure of the material 
under compressive strains, or by longitudinal splitting due to ovalization of the cross-
section (Spatz and Speck 1994). 
 
In the present study, when irrigated with WCB plant effluent for a full growing 
season, the CWs produced the equivalent of 179 ton ha
-1
 dry weight A. donax 
biomass (Table 9.6), which in turn is equivalent to 73.4 ton of oil, 0.1611 MW of 
thermal power and an electric power of 0.054 MW (Gonzalez et al., 2006; 1 tonne of 
A. donax equivalent to 0.41 tonne of oil, 0.0009 MW of thermal power and 0.0003 
MW of electric power). Combustion of the biomass grown by treatment wetlands 
would therefore appear to be able to contribute to improved environmental outcomes. 
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Table 9.6: A. donax biomass production in the present study 
Experiments Exposure 
duration 
(weeks) 
Season Biomass 
(wet 
weight; 
kg) 
Biomass 
(dry 
weight 
eq;  tonne 
ha
-1
 yr
-1
)
ƒ
 
Estimated 
Energy 
Production 
(MJ) * 
Estimated 
Oil 
Production 
(ton)
a 
Stormwater 
WCB 
19 summer/winter 10 ± 1.2 107 2.2x10
6
 43.9 
¼ strength 
WCB 
8 autumn/summer 6.3 ± 1.3 102 2.1x10
6
 41.8 
½ strength 
WCB 
12 summer/autumn 11.5 ± 1.0 137 2.8x10
6
 56.2 
Plant effluent 
WCB 
17 autumn/winter 4.2 ± 0.8 32 6.5x10
5
 13. 1 
Plant effluent 
WCB 
 
29 spring-autumn 37 ± 7.2 
kg 
179 3.6x10
6
 73.4 
DAC 
effluent 
14 summer/autumn 15 ± 3.4 125 2.5x10
6
 51.2 
HWRP 
effluent4 
14 summer/autumn 6.2 ± 2.7 60 1.2x10
6
 24.6 
ƒ
, assuming comparable growth across a 250 day growing season(Sept – April), 
single cut harvest; * Using values for energy production from Fengmin and 
Mingquan (2011), Using values for oil production fromGonzalez et al., 2006. 
 
 
9.4. Sizing Constructed Wetlands 
Sizing a constructed wetland for the ‘average’ Victorian dairy factory 
In designing constructed wetlands for the amelioration of treated dairy factory 
effluents, the aim is to maximise contact between polluted water and the bioactive 
components of the wetland e.g. biofilms and sediments. The efficacy of contact is 
related to the flow path of the water, which in turn is related to the physical 
dimensions of the wetland, and the hydraulic residence time (Kadlec and Knight, 
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1996; DLWC, 1998). It is beyond the scope of this Chapter to produce a detailed 
design plan for a wetland for each dairy factory in Victoria, since these are all site 
specific. However, with the information provided by Dyer and Allinson (2007), i.e. 
water quality and flow averages, it is possible to design a generic wetland, both for 
the individual dairy factories and an ‘average’ Victorian dairy factory (Table 9.7). 
The basic approach to sizing a wetland is to make some assumptions about desirable 
treatment performance, and use an accepted method to see if a hypothetical wetland 
of the desired size could effectively treat the wastewater.  
 
Free Water Surface (FWS): For the purpose of this work, Kadlec and Knight’s 
method (DLWC, 1998) was used in an iterative manner to size generic FWS 
wetlands. Kadlec and Knight’s method (DLWC, 1998) treats FWS wetlands as 
attached growth biological reactors, and therefore uses first – order plug flow kinetic 
models as the basis for the performance equations. The equation used was: 
A = 



















*CCe
*CCi
ln
K
Q.0365.0
   Equation 1
 
where A is the areal rate constant (m
2
 yr
-1
), Q is the daily flow (m
3
 d
-1
), K is a rate 
constant (m
2
 yr
-1
), and Ci, C* and Ce are the influent, background and effluent 
concentrations, respectively. The background concentrations (C*) for any parameter 
were calculated using: 
C* =3.5 + 0.0053Ci     Equation 1a 
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First order kinetics simply means that the rate of removal of a particular component 
is directly proportional to the remaining concentration of the component. The basis 
for the rate constant in Kadlec and Knight’s equation is area dependant, so the rate 
constant is related only to the surface area of the wetland, and temperature changes 
are considered significant only for nitrogen removal (DLWC, 1998).  
 
A number of initial design objectives were assumed. These were primarily based on 
reduction of a number of water quality parameters: TSS, TP, TN, and BOD. This 
data was extracted from Dyer and Allinson (2007; see Table 9.7). The basic 
parameters used for the ‘average’ Victorian dairy factory were, therefore: average 
flow (Q) 1354 m
3
 d
-1
 (based on dairy factory water quality data); average depth, 0.2 
m; influent data representative of ‘average’ dairy factory wastewater quality 
provided in 2007 (Table 9.7). Assumptions on treatment efficiency: a 95% reduction 
in current BOD (from 924 to 46 mg/L), 95% reduction in TSS (from 350 to 18 
mg/L), to reduce TP by 95% (from 28 to 1.4 mg/L), and TN by 95% (from 55 to 2.8 
mg/L).  
 
By using Kadlec and Knight’s method, the background levels for TSS and BOD in 
the model FWS wetland effluent were calculated (generic background levels were 
used from TN and TP). Target effluent concentrations were then modified to try to 
optimise treatment efficiency by raising the target concentrations to above 
background wetland concentrations until the model provided a solution for each 
parameter. 
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Table 9.7: Estimated size of wetland required to treat individual and ‘average’ dairy processing factory (wastewater quality for period 2003-
2006 from Dyer and Allinson, 2007) 
Identity 
Water quality parameter  
Determinative parameters (wetland size)  
 AWD *  TSS  P N BOD5  MC TSS  P N BOD5 
 MC BOD5 
 (kL) (mg/L)   FWS  (ha)   HSSF  (ha) 
2 32,000 1200 54 130 4300  d, d, c, b 0.01 0.4 0.4 0.3  a 0.3 
12 1,200,000 518 43 97 2150  d, a, a, b 0.40 30.2 24.5 10.7  a 9.8 
9 1,196,956 697 19 75 1896  d, a, a, b 0.39 30.4 26.0 10.7  a 9.8 
1 965,000 400 45 90 1700  d, a, a, b 0.33 24.3 20.0 8.6  a 7.9 
4 252,000 142 11 34 824  d, a, b, b 0.13 6.5 4.6 2.3  a 2.1 
5 400,000 147 47 124 117  d, a, b, b 0.20 10.1 5.7 4.7  b 2.5 
10 892,000 100 80 7 30  e, a ,g ,d 0.27 22.4 12.5 8.7  c 4.6 
6 270,000 645 8 27 27  d, a, b, d 0.09 7.0 5.6 3.1  c 1.4 
3 480,000 30 20 50 15  j, d, c, f 0.07 6.5 6.0 5.6  d 2.1 
8 465,000 19 3 11 11  i, a, d, h 0.15 13.1 10.3 4.2  d 2.1 
16 361,400 22 6 4 7  i, a, k, l 0.08 9.5 4.8 2.4  f 1.2 
11 814,000 37 5 16 5  f, a, g, p 0.47 21.8 6.4 4.0  g 2.3 
 Average' 610,696 330 28 55 924   d, a, a, b** 0.21 15.4 15.0 5.5   a** 5.0 
FWS, free water surface; HSSF, horizontal sub-surface flow; AWD, annual average wastewater discharge volume which, *, equates to modelled annual wetland inflow; 
**, specific to the average water quality, not the average of individual factory conditions. MC, model conditions (% reduction in water quality parameter): a, 95%; 
b,90%; c,85%; d, 80%; e, 75%; f, 70%; g, 65%; h, 60%; I, 55%; j, 50%; k, 45%; l, 40%; m, 35%; n, 30%; o, 35%, p, 20% 
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The size of the FWS wetland required to treat the ‘average’ dairy factory effluent 
depends on the water quality parameter values that needs to be ameliorated and the 
targeted amount of contaminant reduction. In this case a minimum of approximately 
0.2, 15.4, 15.0, and 5.5 ha of FWS wetland for 80%, 95%, 95% and 90% reduction of 
TSS, TP, TN, and BOD, respectively  is required (Table 9.7). 
 
HSSF: For the purpose of this work Kickuth’s equation was used to size the pilot 
wetland cells, as discussed by Vymazal (2005). This method relies only on knowing 
the anticipated influent BOD and setting a target effluent BOD level. The following 
equation, first proposed by Kickuth in 1977 (Vymazal, 2005), has been widely used 
for sizing of HSSF systems: 
BOD
eiD
h
K
)lnC-(lnCQ
A 
     Equation 2
 
where Ah is the surface area of bed (m
2
); QD the average flow (m
3
 day
−1
); Ci the 
influent BOD5 (mg l
−1
); Ce the effluent BOD5 (mg l
−1
), and KBOD is the rate constant 
(m day
−1
). 
 
Particular note was taken of Vymazal’s (2005) discussion of the rate constant KBOD. 
Vymazal notes that in theory, the rate constant should be a constant, and independent 
of inlet concentration and loading rate. Of course, theory and practice do not always 
correlate, and it has been found Vymazal’s (2005)  that rate constants generally 
increase with hydraulic loading rate and BOD mass loading rate. In addition, in 
systems which have been in operation for at least 10 years a steady increase in KBOD 
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value has been observed. For instance, Vymazal (2005) notes that the average KBOD 
value for 66 village systems after 2 years of operation was 0.118 ± 0.022 m day
−1
. 
Vymazal (2005) ultimately made the statement that “At present, using field 
measurements from many operational systems, the value of 0.1 m day
−1
 (36.5 m 
year
−1
) [for KBOD] is sufficient.” Consequently, this value was used to model the 
areas required. 
 
The background level for BOD was calculated using Kadlec and Knight’s method:  
C* =0.6 + 0.4Ci
0.55
     Equation 2b 
where C* and Ci are the background and influent BOD concentrations, respectively. 
Target effluent concentrations were then modified to try to optimise treatment 
efficiency by raising the target effluent concentrations to above background wetland 
concentrations until the model provided a solution for each parameter. The size of 
the HSSF wetland required to treat the ‘average’ dairy factory effluent depends on 
the water quality parameter that needs to be ameliorated and the targeted amount of 
contaminant reduction. In this case a minimum of approximately 5.0 ha of HSSF 
wetland for 95% reduction of BOD is required (Table 9.7). 
 
A number of things can be said about the modelling outcomes. The first is that the 
composition of waste streams differs from one plant to another, so there is no single 
universal design solution. It should also be noted that while Kickuth’s equation 
enables some form of comparison between CWs, it is not recommended for the 
design of CWs treating ‘strong effluents,’ i.e. those with high organic matter loads 
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(e.g. factories 2, 12, 9, 1, and 4; Table 9.7) as KBOD is the applicable rate constant 
when the removal of organic matter is described by first-order kinetics, and there is 
no convincing evidence that removal of organic matter in CWs treating ‘strong 
effluents’ is indeed first-order (Babatunde and Zhao, 2010). Second, the modelling 
relied on ‘average’ dairy factory water quality data and the assumption that either a 
FWS or HSSF wetland would be used. In reality, a wetland design would be 
produced using actual factory data, with the type of flow based on site limitations, 
e.g. amount of available land. This latter may sometimes favour a FWS wetland, at 
others a HSSF wetland, and in other cases a more elaborate design with reed covered 
shallow zones alternating with deep water zones. This latter type of design would 
provide increased detention time, and additional sedimentation and oxygenation, 
leading to improved treatment in a smaller area (Kadlec and Knight,1996). 
Regardless, it may be possible to determine a cost-effective management approach 
by on-site visits, desktop assessments, lab-scale experiments and later, plant-scale 
testing. 
 
Sizing a constructed wetland for WCB 
The data collected by Dyer and Allinson (2007) was provided by the factories on 
condition that they remain anonymous. WCB provided information for Dyer and 
Allinson’s study, but in the spirit in which the data was provided WCB will not be 
identified from Table 9.7. Rather, a site specific estimate of the area required for a 
treatment wetland planted with A. donax was calculated using information provided 
by WCB for this study.  
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HSSF CW: In the assessment for the WCB factory the sizing of the wetland used 
Kickuth’s equation based on the data collected from the long term plant effluent trial 
in 2010-11 As BOD is the primary treatment parameter in the design sizing, using 
the long term median BOD data (e.g. see Table 6.1) calculations resulted in a KBOD 
value of 0.04 m d
-1
. Thereafter, the results suggest that with a median BOD influent 
of 24.0 mgL
-1
 and post-CW effluent BOD of 7.5 mgL
-1
 (69% reduction of BOD; 
Table 6.1), a minimum of approximately 11.7 ha of A. donax planted HSSF CW 
would be required to treat WCB’s annual 1460 ML discharge of wastewater. If we 
were to use the maximum observed BOD during the 2010-11 trial (approximately 30 
mgL
-1
), and the same treatment performance (69% reduction of BOD), the same area 
of CW (approximately 11.7 ha) would result in an effluent with approximately 9.3 
mgL
-1
 BOD.  
 
FWS CW: For the purpose of this work, Kadlec and Knight’s method (DLWC, 
1998) was used in an iterative manner to size generic FWS wetlands. In order to 
compare directly with the size estimated for a HSSF wetland, BOD was the primary 
water quality parameter considered. This data was extracted from that collected 
during the WCB long term trial (e.g. see Table 6.1). The basic parameters used for a 
WCB FWS CW were, therefore: average flow (Q) 4000 m
3
 d
-1
; average depth, 0.2 m; 
influent BOD data representative of the long term trial (Table 6.1); a 69% reduction 
in current BOD.  
 
 276 
First, the background levels for BOD in the model FWS wetland effluent were 
calculated. Target effluent concentrations were then modified to try to optimise 
treatment efficiency by raising the target concentrations to above background 
wetland concentrations until the model provided a solution for each parameter. The 
size of the FWS wetland required to treat the ‘average’ WCB effluent was minimum 
of approximately 15.6 ha of FWS wetland for 78% reduction of BOD (rather than the 
69% achieved in the WCB trial using an HSSF wetland. 
 
Assessment of the suitability of a constructed wetland for the DAC 
Unfortunately there is no data available for aquaculture systems in Australia of the 
type collected by Dyer and Allinson (2007) for Victorian dairy factories. 
Consequently, it is not possible to size a CW for the ‘average’ Australian aquaculture 
facility (even if there were such a thing). Consequently, sizing can only be made for 
the DAC.  
 
HSSF CW: Using the data collected during the DAC trial, a KBOD value of 0.1 m 
day
−1 
was observed. Assuming influent and effluent BOD concentrations of 28.3 and 
3.3 mgL
-1
, respectively, in this case, a minimum of approximately 0.18 ha of HSSF 
CW is required, albeit with only 88% reduction of BOD rather than the observed 
94% reduction. 
 
FWS CW: For the purpose of this work, Kadlec and Knight’s method (DLWC, 
1998) was used in an iterative manner to size a generic FWS CW for the DAC. In 
order to compare directly with the size estimated for a HSSF wetland, BOD was the 
 277 
primary water quality parameter considered. This data was extracted from that 
collected during the DAC trial (e.g. see Table 7.1). The basic parameters used for a 
DAC FWS CW were, therefore average flow (Q) 77 m
3
 d
-1
; average depth, 0.2 m; 
influent BOD data representative of the DAC trial (Table 7.1); a 94% reduction in 
current BOD. Again, the background levels for BOD in the model FWS wetland 
effluent were calculated. Target effluent concentrations were then modified to try to 
optimise treatment efficiency by raising the target concentrations to above 
background wetland concentrations until the model provided a solution for each 
parameter. The size of the FWS wetland required to treat the ‘average’ DAC effluent 
was minimum of approximately 0.4 ha of FWS wetland for 81%, reduction of BOD 
(rather than the 94% achieved in the DAC trial using an HSSF CW. 
 
Sizing a constructed wetland for the South West Victorian Reclamation Plants 
Unfortunately there is no data available for WWTPs in Australia of the type collected 
by Dyer and Allinson (2007) for Victorian dairy factories. Consequently, it is not 
possible to size a CW for the ‘average’ Australian WWTP (even if there were such a 
thing). Consequently, sizing can only be made for WWTPs in south west Victoria 
where limited information was available from a project partner (Wannon Water).  
 
Wannon Water is Victoria's second largest regional urban water corporation by 
service area, with a service region that extends over 24,500 square kilometres from 
the South Australian border in the west, to Balmoral in the north, to Lismore in the 
east and the lower Gellibrand River catchment on the south coast (see Figure 9.5). 
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Figure 9.5: Wannon Water regional water supply and sewerage map (Wannon Water, 
2011) 
 
Wannon Water supplies sewerage services to a permanent population of 
approximately 80,000 people, via a total of 18 water reclamation plants WRPs; 
Figure 9.1). There are several different types of WRPs across south-west Victoria, 
varying from simple lagoon systems to activated sludge plants, depending on the 
nature of the waste received and the final method of disposal.  
o Lagoon Treatment Systems: Port Campbell, Heywood, Mortlake, Simpson, 
Timboon, Cobden and Casterton, Coleraine and Dunkeld. 
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o Biofiltration Treatment: Camperdown, Hamilton and Terang. 
o Activated Sludge: Warrnambool and Port Fairy use intermittently decanted 
activated sludge process to treat sewage. 
 
HSSF CW: In the assessment for the WWTPs, again the sizing of wetland is done 
using Kickuth’s equation. Assuming a KBOD value of 0.1 m day
−1
, the minimum size 
of HHSF wetland for six Wannon Water reclamation plants was calculated (Table 
9.8). Because the modelling relies only on BOD removal, it is clear that regardless of 
BOD concentration for a set BOD removal target (e.g. 70%) the larger the average 
daily flow, the larger the treatment wetland needs to be. If the maximum theoretical 
BOD removal (above theoretical background levels) is used to model the required 
size of a HSSF, then it is clear that the required size (area) increases with increasing 
flow (Table 9.8). 
 
FWS CW: Again, for the purpose of this work, Kadlec and Knight’s method 
(DLWC, 1998) was used in an iterative manner to size a generic FWS CW for the 
Wannon Water WRPs. In order to compare directly with the size estimated for every 
WWTP for an HSSF wetland (Table 9.8), BOD was the primary water quality 
parameter considered, and initially 39% BOD removal required (this being the worst 
removal efficiency modelled for HSSF CWs concomitant with effluent being above 
the theoretical background limit calculated using Kadlec and Knight’s method), and 
a CW sized (Table 9.9). Target effluent concentrations were then modified to try to 
optimise treatment efficiency by raising the target concentrations to above 
background wetland concentrations until the model provided an optimal solution for 
each parameter. 
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Table 9.8: Estimated size of HSSF CWs required to treat individual Wannon Water 
reclamation plant annual wastewater discharges (volume for period 2009/10; 
Wannon Water fact sheet, 2011), modelled for (a) 70% BOD removal; (b) maximum 
BOD removal (%) concomitant with theoretical background limit calculated. 
Wannon Water 
reclamation plant 
AWD
ƒ
 BOD Estimated  size of HSSF wetland  
(ML) Effluent* 
(mgL
-1
) 
(ha) 
(a)
 (ha) 
(b)
 
Camperdown 420 7.5 1.4 3.2 (75) 
Cobden 214 11.8 0.7 1.0 (81) 
Hamilton 1094 12.5 3.6 8.4 (82) 
Portland 1235 23.8 5.8 7.2 (88) 
Port Fairy 777 2.2 - 1.1 (39) 
Warrnambool 4676 5.3 15.4 15.4 (70) 
ƒ
, AWD, annual average wastewater discharge volume; *, Wannon Water 2008-2010 
average data; -, not possible to both achieve 70% BOD removal and an effluent BOD 
concentration above theoretical background limit. 
 
 Table 9.9: Estimated size of FWS CWS required to treat individual Wannon Water 
reclamation plant annual wastewater discharges (volume for period 2009/10; 
Wannon Water fact sheet, 2011), modelled for (a) 39% BOD removal; (b) maximum 
BOD removal (%) concomitant with theoretical background limit calculated. 
Wannon Water 
reclamation plant 
AWD
ƒ
 BOD Estimated  size of FWS 
wetland  
 (ML) Effluent 
(mgL
-1
) 
(ha) 
(a)
 (ha) 
(b)
 
Camperdown 420 7.5 2.1 3.9 (46) 
Cobden 214 11.8 0.6 2.2 (63) 
Hamilton 1094 12.5 2.8 10.3 (64) 
Portland 1235 23.8 2.4 11.9 (77) 
Port Fairy 777 2.2 - - 
Warrnambool 4676 5.3 - 0.5 (1) 
ƒ, AWD, annual average wastewater discharge volume; *, Wannon Water 2008-2010 
average data; -, not possible to both achieve 39% BOD removal and/or an effluent 
BOD concentration above theoretical background limit. 
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It is important to point out that the modelling has been undertaken using average 
BOD data obtained from Wannon Water for the period 2008-2010. If the data for the 
Hamilton WRP obtained in this study had been used (with a median BOD influent of 
34 mgL
-1
 and effluent of 1.7 mgL
-1
) a minimum of approximately 7.0 ha (90% 
reduction in BOD) and 10.3 ha of FWS of HSSF CW (63% reduction of BOD), 
would be required to treat the annual discharge of wastewater of 1094 ML annually. 
 
Potential for CWs as treatment systems for aquaculture systems in Malaysia 
By and large Malaysian people put a higher market preference on marine shrimp or 
fish than fresh water fish (for reasons of taste despite a much lower market price for 
freshwater fish). In part, this may be justified by the fact that Malaysia is almost 
entirely surrounded by sea. There is also very little available land for fresh water 
finfish or shrimp production. Consequently, it was not possible to obtain relevant 
Malaysian information to size CWs for brackish water and fresh water aquaculture 
facilities. 
 
Shrimp and marine fish aquaculture is a highly profitable agricultural practise in 
Malaysia. Favourable temperatures have made both the east and west coastlines of 
Peninsular Malaysia a prime region for shrimp aquaculture. In addition to high 
productivity, the industry is faced with the major task of attaining sustainability, 
which needs to identify effective methods to alleviate environmental pollution (Lin, 
1995). The industry discharges large quantities of untreated brackish water that must 
meet water quality standards set by the Environmental Agencies of Malaysia (Class 
1, Malaysian Water Quality Standards for conservation of natural environment water 
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supply BOD, 1 mgL
-1
; COD, 10 mgL
-1
; SS, 25 mgL
-1
 ; ammoniacal nitrogen, 0.1 
mgL
-1
; E. coli, 10 per 100 mL), where most farms do not meet this stringent 
standard. Thus, to maintain and encourage sustainable shrimp aquaculture, treatment 
technologies are required in order to reduce water use requirements and loading of 
sediments, organics and nutrients in discharge water. Constructed wetlands may be 
an attractive alternative to more technological options in polishing the water from 
shrimp ponds. Apart from low energy consumption and maintenance requirements, 
the transformations occurring in wetlands in the purification of the wastewater results 
in recycling of constituents into biological food chains, leading to support of natural 
wildlife populations or alternatively to harvestable biomass in aquaculture (Kadlec 
and Knight, 1996). To assess the potential for CWs as treatment systems for 
aquaculture systems in Malaysia, the Setiu Lagoon will be considered as a case 
study. 
 
Setiu Lagoon is in the east coast state of Terengganu, and is the largest lagoon in the 
Peninsular Malaysia (Figure 9.6). The lagoon is physically a part of the Setiu River 
system. It has water surface areas of ~880 ha with average depth of 1.0-1.5 m.  
Approximately 80 – 85% of the lagoon’s bottom is exposed at low tides. Nik Haiha 
et al., (2006), estimated that the water exchange in the lagoon is about 30-50%. The 
lagoon is an important breeding or nursery ground for several species of oysters 
(Crassostrea iredalei & Saccostrea spp.), fish (Lates calcarifer, Ephinephelus 
sp.,Lutjanus argentimaculatus and Lutjanus johnii) and crabs (Portunus sp and 
Scylla serrata). The first aquaculture activities in Setiu Lagoon started sometime 
back in the late 1970s. The systems currently utilised in the lagoon are fish cages 
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(mainly for sea bass and groupers), and oyster rafts and pens. Fish cages, first used in 
1978, now total 1867 (occupying some 55400 m
2
).  Farming oysters in the lagoon 
began much later in 1990 and there are presently 69 rafts (248 m
2
). However, rapid 
development of aquaculture began in 2003with the construction of ponds for 
extensive, improved-extensive and semi-intensive types of shrimp production.  
 
This development, now covering an area of about 18.6 ha, has been accompanied by 
deterioration of water quality and an increase in the incidence and severity of 
diseases present in cultured fish. Repeated disease outbreaks causing significant 
mortality and great losses to aquaculturists have been reported since 2004. For 
instance, in 2005 and 2006, the total estimated loss due to outbreak of diseases was 
about AU$ 0.5 million. Studies conducted by Nik Haiha et al. (2006), found that 
there was an impact on the lagoon, especially near the aquaculture activities. The 
combined activities have brought about an increase in level of nitrite, total 
phosphate, ammonia, TSS, ferum and a decrease in dissolved oxygen and pH. 
Discharge of such waste into watercourses causes a serious deterioration of the 
lagoon and waste discharged from the shrimp and fish ponds into the lagoon far 
exceeds the natural ability of the lagoon to attenuate the pollutants (Nik Haiha et al. 
2006). Based on this, in principle CWs could be constructed at every outlet pond of 
fish or shrimp farms to reduce pollutant loads, reliably, as a technology appropriate 
to the local conditions, and demand only limited financial resources. 
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Figure 9.6: Map of Setiu lagoon with aquaculture activities 
 
The normal practise for marine shrimp culture involves a culture period of 120 days 
in large rectangular ponds of 0.5 – 1.0 ha, with the depth of 1.2 – 1.5 m. Water 
exchange is around 10% per day depending on the water quality on that day. There 
are several ponddesigns, including those of earthen construction, plastic linings and 
concrete ponds, although earthen ponds are the most common design. Most 
commercial farms integrate reservoir and sediment ponds to facilitate good water 
quality supply. In addition, water is supplied by a pumping system or connected by 
canals, with separate inlet and outlet drain is installed.  
 
River mouth 
shrimp ponds  
pondsponds
Rivemouth 
shrimp ponds 
shrimp ponds 
Cage culture 
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Tilley at al., (2002) reported that the BOD of shrimp ponds is < 9 mgL
-1
treating 3.6 
ML per day of effluent from 8.1 ha of intensively farmed shrimp ponds at the Loma 
Alta Shrimp Aquaculture Facility (LASAF), located along the coast of the Gulf of 
Mexico in semi-arid South Texas. By utilising this information and making the 
assumption that water would be discharged consistently throughout the year and that 
treatment performance would be no less than that observed in this study’s DAC trial, 
generic CWs can be sized.Assumptions are made that the BOD is 10 mgL
-1
in ponds 
with an average of 0.75 ha, and depth of 1.4 m. Consequently, the ponds will 
discharge 10500 m
3
 per year of effluent on average (although normal practise is to 
exchange (discharge) 10% of the water per day (or 1050 m
3
 day
-1
 for 120 days), and 
all the water in the pond at harvest).  
 
HSSF CW: Using a KBOD value of 0.11 m day
−1
, and assuming influent BOD 
concentrations of 10 mgL
-1
, daily flow of 1.05 ML day
-1
 and 95% reduction of BOD, 
the use of Kickuth’s method would suggest that in this case, a minimum of 
approximately 2.8 ha of HSSF CW would be required to treat the discharge from an 
‘average’ shrimp pond. 
 
FWS CW: Using average flow (Q) 77 m
3
 d
-1
; average depth, 0.2 m; influent BOD, 
10 mgL
-1
; and iteratively modifying BOD reduction such that effluent concentrations 
were above the theoretical background limit, using Kadlec and Knight’s method 
would suggest that the size of the FWS wetland required to treat the ‘average’ shrimp 
pond effluent was a minimum of approximately 1.3 ha of FWS wetland for 58% 
reduction of BOD (rather than the 95% desired).  
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The wetland areas generated by the modelling may, however, be a substantial over-
estimation of the size required, since many of the biological processes that operate 
within treatment wetlands might be assumed to operate at greater rates in tropical 
systems, i.e. for FWS systems, the background achievable BOD calculated may be 
much less than the 4 mgL
-1
 assumed based on temperate observations. Practically, 
the establishment of new wetlands dedicated to water purification is likely to be 
difficult in the Setiu Lagoon area because of the significant economic effects on the 
shrimp farmers (who would have to allocate a part of their land for water storage and 
treatment facilities, land which could otherwise be used to increase production). 
Hence, the determination of optimum retention time, through on-ground assessment 
of HSSF and FWS treatment performance via experimental systems such as those 
trialled in this project, is essential in order to minimize the area of treatment wetlands 
required, and before such technology is promoted within the region. 
 
Before CWS could be adopted in Malaysia, there are criteria that need to be 
addressed. First, shrimp production systems typically contain several ponds, and each 
pond would need to discharge into wetlands from different points and time intervals. 
Typically, wetland designs consider only inlet and outlet, which provide little insight 
into the complex performance of wetlands subject to variable wastewater loads and 
release schemes. Therefore, there is a critical need for techniques to evaluate the 
spatio-temporal behaviour of CWs used in shrimp ponds. Secondly, treatment 
wetlands should be relatively low cost for construction and operation, which means 
that use of locally available materials as a filter medium to construct the CWs. It is 
not necessary to follow the exact guidelines adapted by western countries in 
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constructing the CWs, although local materials should be trialled before any large 
scale construction is envisaged.  Design should be based on Malaysian Government 
interest, available resources and consideration of local conditions. Thirdly, shrimp 
are grown in saline water (up to a salinity of 15, or ~ 23 dS cm
-1
), and feasibility 
studies are required to source local salt-tolerant plants suitable for use in CWs. 
Although Williams et al (2006) reported that A. donax can survive root-zone salinity 
of over 20 mS cm
-1
 for several months, this salinity is likely to be the upper bound of 
its salinity tolerance. Only local trials would tell if A. donax can be acclimated in 
CWs to treat shrimp pond effluent. Other local plants, e.g. perhaps cattail (Typha 
angustifolia), or mangroves (Wong et al., 1997) may be better alternatives. Finally, 
the economic consequences of integrating CW systems into the shrimp pond 
aquaculture systems in Malaysia remains to be resolved, as do the long-term 
performance and sustainability of such systems. 
 
9.5. Conclusions 
The nutrient removal efficiencies observed in the present study were influenced by 
factors such as the sources of the wastewater, nutrient loading rate, the age of the 
constructed wetland, species of wetland plants and their age. The goals of the present 
study did not include determining which processes (biological, chemical or physical) 
occurred nor their relative contribution to remediating the various wastewater. 
Rather, the project was to provide ‘proof of concept’ of the use of A. donax in 
constructed wetlands for pollution control, as evidenced by the CWs ability to 
efficiently remove nutrients. In general, nutrient removal efficiencies were higher in 
planted beds compare to unplanted control beds, with similar removal efficiencies 
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between plants i.e. A. donax and P. australis. Evidence accumulated from these 
investigations has shown that both plants provide an effective environment for 
nutrient stripping within the wetland beds. A. donax has other characteristics which 
may enhance its potential as a plant for use in constructed wetlands for wastewater 
treatment, such as no seasonal senescence, with growth occurring throughout the 
winter period with very high biomass production (most promising for energy 
production). The key findings of all the experiments are illustrated in Figure 9.7.  
 
1.1. Recommendations 
The present study was designed to provide ‘proof of concept’ of the use of A. donax 
in constructed wetlands for pollution control, as evidenced by the CWs ability to 
efficiently remove nutrients across a range of waste waters. The work was conducted 
in small-scale experimental wetlands and the duration of experiments was relatively 
short. However, combined with findings gleaned from the literature, the following 
areas may warrant further investigations: 
a)  Pilot scale trials at WCB, the DAC and/or the HWRP. Such trials would utilise 
larger scale experimental wetlands (e.g. 15 m × 5 m) and run for at least two years, 
incorporating a comparison of the treatment performance, biomass production and 
biomass quality/utility of HSSF CWs planted with either Arundo donax and 
Phragmites australis (due to the size of the CWs, the trials should be in duplicate 
only) Such trials to include a cost-benefit analysis of the utility of the CWs in a south 
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Figure 9.7:  Key findings of the present study
Key Finding  
WC&B Stormwater  
 BOD, SS, TN, TP were removed 
more efficiently by the planted 
CWs 
 Slightly difference in nutrient 
removal between the A. donax and 
P. australis planted CWs 
WC&B dairy wastewater 
1)   ¼ strength 
2)  ½ strength 
3)  Plant effluent 
 Major water quality parameters 
were removed more efficiently by 
the planted CWs. 
 A few parameters were differently 
removed between A. donax and 
P.australis beds. 
 At ¼ and  ½ strength  were capable 
of removing bacteria to levels that 
would allow reuse of the water for 
use on humanfood crops that will 
be cooked prior to consumption 
 At plant effluent bacterial removal  
only to  levels that would allow 
reuse of the effluent for use on non 
- food crops. 
Plant effluent (long term) 
 No  significant different  in removal 
efficiencies between the planted 
beds than unplanted gravel beds. 
 Removal of TP, NO3 and TPC were 
different betweenA. donax and P. 
australis beds. 
 removal of TP decreased in both 
the planted and unplanted beds 
treatment due to the saturation of P 
adsorption in the substrate. 
Deakin Aquaculture Centre (DAC) 
 BOD,TP, TAN, TPC, T. coli, E-
coli were removed  more 
efficiently by the planted beds 
 There was no significant 
difference in nutrient removal 
between the A. donax and P. 
australis beds 
 The CW assessed capable of 
removing bacteria present in the 
inlet wastewater at more than 
95% and to levels that would 
allow reuse of the water in 
aquaculture or for crops grown 
for human consumption. 
Hamilton wastewater Reclamation  Plant 
(HWRP) 
 The planted beds removal efficiencies were 
more effective than the unplanted control 
beds 
 The removal efficiency for E. coli in 
planted beds to levels that would allow 
reuse of the water using HWRP sewage for 
crops grown for human consumption.   
 TN and TP removal also supports the 
theory of plants nutrient removal is high at 
low hydraulic loadings.   
 The BOD limit of <10 mgL-1 for and TSS 
of <5 mgL
-1
 was achieved by all the CW 
beds 
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-west Victorian context, including a detailed nett energy balance and greenhouse gas 
mitigation analysis.  The cleaning of contaminated environments may be feasible 
with a combined approach, i.e. integration and use of different types of constructed 
wetlands simultaneously and targeting the technology both qualitatively and 
statistically. Constructed wetlands can form part of sustainable, affordable and 
effective site cleanup, in combination with other more traditional methods, in a 
zoned approach. Plant biologists, microbiologists, agronomists and engineers have to 
integrate their efforts. It is important to proceed with caution and implement the 
technology at the larger scale only after small-scale studies and field trials are 
conducted. Commercial organisations need to work in partnership with scientists and 
engineers to commercialise effective strategies. In the past, there have been too many 
failed techniques, that investing funds in developing procedures remains a high-risk 
option.  
b) Most of the research on CWs has been carried out in advanced economic 
countries, with limited information from developing, tropical countries like 
Malaysia. Therefore, the use of CWs for wastewater treatment, and the utilisation 
ofA. donax after harvesting should be explored - with the model successfully trialled 
in the present study providing one option for study designs. 
c) Wetlands plants have considerable differences in their efficiency to assimilate P 
and N from the wastewater, and there is some literature suggesting that plant species 
can influence bacterial and other microorganism communities within CWs. 
Consequently, a study on the effect of microbial community on plant uptake of P and 
N should be carried out, to further determine the effect of plants (since there is 
genetic diversity between plants and clones thereof) when challenged with various 
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types of wastewater.  The changes of P anf N in the CWs should be investigated 
further especially in the combine feature of numerous factors including increasing or 
decreasing microbial activity in summer and winter months and immigration, 
acclimatisation and development of microbial communities since system 
commissioning. A mixture of plant species could be used to maximize removal 
efficiencies throughout the growing season since some species might have higher 
uptake rates during spring while others are better during summer. Utilizing a variety 
of overlapping species could maximize uptake for the duration of the growing 
season. In addition, a mixture of plant species could be used for remediation of 
mixed contaminants which could results in higher removal efficiencies of all 
contaminants. 
d)  A study on release of oxygen (ROL) and organic acids between species also 
should be carried out, since the O2 concentration released in plant roots varies with 
different HRT and types of wastewater, thus ROL provides O2 to the microorganism 
in the rhizosphere, which enables the microorganism to survive in the harsh wetland 
condition.  The information of ROL could be used to identify the most suitable 
wetland plants to further enhance the removal efficiencies for different types of 
wastewaters. As part of this study, a study on large red T. tubifex worms in planted 
beds also should be carried out, since T. tubifex is known as an indicator for 
organically polluted water including high BOD and low DO concentrations (Kadlec 
and Knight, 1996; Scholz, 2006). 
e)  Study on the effect of different substrate types on treatment efficiency also should 
be carried out, which could determine higher removal efficiencies of P in CWs, 
therefore running the CWs with high concentrations of P wastewaters for longer 
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periods should address any concerns regarding the validity of these research findings 
and also should provide a cost effective and simple alternative method of P removal. 
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